Role of Wnt and Notch signalling pathways on the neural differentiation of human Müller stem cells and their modulation by growth factors by Angbohang, Angshumonik
  
 
 
Role of Wnt and Notch signalling pathways on 
the neural differentiation of human Müller stem 
cells and their modulation by growth factors 
 
 
Angshumonik Angbohang 
 
 
 
This thesis is submitted to University College London 
for the degree of Doctor of Philosophy 
 
 
 
 
UCL Institute of Ophthalmology 
University College London 
June 2016 
 
 
 
 2 
Declaration 
 
I, Angshumonik Angbohang, confirm that the work presented in this thesis is my 
own. Where information has been derived from other sources, I confirm that this has 
been indicated in the thesis. 
 
 
 
June, 2016 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3 
 
Acknowledgements 
 
 
I would like to take this opportunity to thank my supervisors Professors Astrid Limb 
and Karl Matter, without whom this thesis may not be possible. In particular, I am 
enormously grateful to Astrid for not only designing this wonderful project and 
providing me with an opportunity to obtain my PhD, but also giving me every 
opportunity to develop towards becoming a modern scientific researcher by 
encouraging me to attend various scientific conferences to present my research 
work, network with my scientific peers and develop potential future collaborations. 
In addition, I appreciated her positive way of thinking towards difficult situations and 
her critical analysis to solve scientific problems. It was an honour and a pleasure 
working for Astrid. 
 
“The Müllers” had been incredible in making my last 3.5 years of PhD training 
enjoyable and rewarding. Without their care and support, PhD experience would not 
have been fulfilling. Therefore, I am very grateful to have met you guys and also 
become part of the Müller family. In no particular order, I would like to say thank you 
to some of the most awesome people, Dr Hari Jayaram, Dr Megan Jones, Dr 
Hussam Muntasser, Dr Karen Eastlake, Dr Na Wu, Dr Silke Becker, Dr Phillippa 
Cottrill, Erika Aquino, Thalis Charalambous and Stephanie Fletcher.  
 
Lastly, I would like to say massive thanks to my family and relatives. In particular, to 
my wonderful parents without whom I may not have been possible, biologically 
speaking. In addition, for their wisdom and support throughout my life so far that has 
been important towards shaping me into the person I am today. I am most grateful 
 4 
for their ability to install this idea in me that anything is possible in this world, if you 
are willing to believe and work for it. Thank you. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 5 
Abstract 
 
 
Müller glia mediates retina regeneration in zebrafish. Despite exhibiting Müller glial 
with stem cell (hMSC) characteristics in vitro by the human retina, retinal 
regeneration mediated by Müller glia following disease or injury has not been 
demonstrated. Notch, Wnt, TGFβ and HBEGF signalling is well known to regulate 
retinal neurogenesis and inflammation, but the roles of these molecules in the neural 
differentiation of hMSC are not known. This thesis aimed to establish whether there 
is an interaction between these signalling pathways and the role that these factors 
play during retinal ganglion cell (RGC) and photoreceptor differentiation of hMSC.  
 
The research showed that inhibition of Notch signalling caused downregulation of 
components of the canonical Wnt signalling pathway in these cells, as demonstrated 
by a decrease in mRNA expression of the Wnt ligand WNT2B and its target genes 
WISP-1 and AXIN2. Addition of TGFβ1 did not significantly change the expression 
of the Notch signalling target HES1 or the RGC marker BRN3A/B. Culture of hMSC 
with a combination of factors that induce their photoreceptor differentiation (FGF2, 
taurine, retinoic acid and Insulin growth factor; collectively called FTRI), markedly 
upregulated the expression of components of the canonical Wnt signalling pathway, 
including WNT2B, DKK1 and active β-catenin. Although FTRI did not modify mRNA 
expression of WNT5B, a component of the non-canonical/planar cell polarity Wnt 
pathway, it upregulated its secretion.  Furthermore, TGFβ1 not only decreased 
WNT2B expression, but inhibited FTRI-induced photoreceptor differentiation of 
hMSC, as determined by expression of the photoreceptor markers NR2E3, 
rhodopsin and recoverin. Inhibition of TGFβ1 signalling by an ALK5 inhibitor 
prevented TGFβ1 induced changes in the expression of the two Wnt ligands 
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examined. More importantly, inhibition of the canonical Wnt signalling by XAV-939 
prevented FTRI-induced photoreceptor differentiation. Similarly, HBEGF, a factor 
shown to be upregulated by FTRI also decreased Wnt signalling components such 
as WNT2B, WISP-1, DKK1 and AXIN2. Inhibition of HBEGF by its specific inhibitor 
CRM197 prevented photoreceptor differentiation. These observations suggest that 
both Notch and Wnt signalling pathways can regulate the neurogenicity of hMSC in 
vitro and that TGFβ as well as HBEGF play important roles in mediating key 
pathways leading to either RGC or photoreceptor differentiation of hMSC. Targeting 
components of both Notch and Wnt pathways may constitute targets for potential 
induction of endogenous regeneration of the human retina and this merits further 
studies. 
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1.1 Retinal neurogenesis 
 
 
The eye is a specialised organ responsible for the visual perception. It is made up 
of three different layers (Fig 1.1). The outer layer is formed by the cornea and the 
sclera. The cornea functions by directing the light through the lens into the retina, 
the neural part of the eye, whilst the sclera maintains the eye shape by forming a 
connective tissue coat around the eye. The middle layer is formed by the iris, ciliary 
body and choroid. By controlling pupil size, the iris regulates the amount of light 
entering the eye, whilst the ciliary body controls the shape of the lens and the choroid 
provides nutrients to the retina. The inner layer is formed by the neural retina, which 
is considered the most essential part of the eye as it is responsible for detecting 
light. It is also the part of the eye that is connected to the central nervous system 
through the optic nerve (Willoughby et al., 2010, McCaa, 1982). The retina is formed 
of neurons and glial cells which originate from retinal progenitor cells (RPCs) during 
development (Harris, 1997, Cepko, 1999). This process, known as retinal 
histogenesis has been shown to be evolutionary conserved across species including 
lower vertebrates and mammals. The retinal neurons and Müller glia created during 
this process are formed during a specific order of events in a specific arrangement: 
1) retinal ganglion cells (RGC), 2) cone photoreceptor, 3) horizontal cell, 4) amacrine 
cell 5) rods, 6) Müller glia (MG) and and lastly 7) bipolar cell (Fig. 2A) (Young, 1985, 
Kahn, 1974, Prada et al., 1991, Cepko et al., 1996).  
 
Using birth dating and lineage analysis experiments, various studies have 
established that RGCs are the earliest neural cells to develop, whilst MG are formed 
towards the end of retinal histogenesis (Altshuler et al., 1991, Turner and Cepko, 
1987). This has been illustrated by generating an approximate timeline of these cells 
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in various species including mammals (Fig 1.2) (Rapaport, 2006). In mice and rat, 
the RGCs are observed at E11.5 and E13 (embryonic days) respectively, whilst MG 
are observed at P4 and P5 respectively (postnatal days) (Fig. 2C) (Martins and 
Pearson, 2008). In comparison, the human RGCs develop from 6.5 weeks onwards 
while MG is generated from 16.5 week onwards (Fig. 2C) (Rapaport et al., 2004, 
Martins and Pearson, 2008, Donovan and Dyer, 2005).  During RGC formation in 
mice, the expression of Atoh7, a basic Helix loop Helix gene (Brown et al., 2001, 
Wang et al., 2001) and Pou4f2,  a homeobox gene, are essential in mice (Yang et 
al., 2003). By contrast, inhibition of either of these genes causes a loss in the 
generation of RGCs (Wang et al., 2001, Yang et al., 2003), whilst MG are formed 
through the expression of transcription factors Hes1, Hes5, Hesr2 and Rax 
(Furukawa et al., 2000a, Satow et al., 2001, Hojo et al., 2000) by the undifferentiated 
RPCs following retinal neuron differentiation (Ohsawa and Kageyama, 2008). 
Interestingly, the studies performed by Turner and Cepko highlighted the fact that 
both retinal neurons as well as MG were formed by the same multipotent RPCs 
during retinal histogenesis (Turner and Cepko, 1987). This was demonstrated by 
retroviral labeling of progenitor cells in the postnatal rat retina that facilitated tracing 
the newly formed neurons at different stages. They observed that these multipotent 
RPCs always differentiated into clones of MG and neurons (e.g. rod photoreceptors), 
whilst they did not form only single colonies of either retinal neurons or MG (Turner 
and Cepko, 1987). This phenomenon may be unique to retinal histogenesis in the 
eye as glial specific progenitors producing only glial cell clones are found in other 
areas of the central nervous system such as the cerebral cortex (Cai et al., 2000, 
Levison et al., 1993).  
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Figure 1.1 Anatomy of a human eye and retina A) Diagrammatic representation of various 
structures of the human eye. Adapted from (Kolb, 2003) B) Histological cross section and 
representation of different layers of the retina as well as the location of retinal neurons and 
Müller glia within the retina. From (Willoughby et al., 2010). ILM (internal limiting membrane); 
GCL (ganglion cell layer); IPL (inner plexiform layer); INL (inner nuclear layer); OPL (outer 
plexiform layer); ONL (outer nuclear layer); OLM (outer limiting membrane) 
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Figure 1.2 Retinal histogenesis. A) A timeline of retinal neurons and Müller glia generated 
during retinal histogenesis in various species. From the figure, retinal ganglion cells are 
formed earliest whilst Müller glia cells are formed late during this process. From (Martins and 
Pearson, 2008). B) List of known transcription factors involved in the formation of different 
retinal neurons and Müller glia during retinal histogenesis. From (Ohsawa and Kageyama, 
2008, Kageyama et al., 2005). bHLH (basic helix-loop-helix); Homeo (Homeobox).  
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1.1.1 Retinal regeneration by Müller Glia across species  
 
The lower vertebrates such as urodeles, frogs and fish are able to regenerate retina 
during adult life following retinal damage. For example, in frogs, new retinal neurons 
are continually added during development as well as after retinal injury from a 
specialised region containing retinal progenitor cells called the ciliary marginal zone 
(CMZ) (Perron and Harris, 2000). Other sources for endogenous retinal regeneration 
have been identified as the retinal pigment epithelium (RPE) and Müller glia (Perron 
and Harris, 2000).  
 
MG are primarily responsible for retinal regeneration following retinal damage in fish. 
Early evidence of the MG stem cell properties came from various studies 
investigating rod photoreceptor generation in fish (Ahlbert, 1976, Johns, 1982, Julian 
et al., 1998, Otteson et al., 2001). However, at these early stages of MG research 
these cells were not confirmed as MG. In 1976, Ahlbert et al, observed the presence 
of mitotic cells in the ONL of larval salmon and suggested that these cells may be 
responsible for forming rod photoreceptor cells (Ahlbert, 1976). Later, these mitotic 
cells were shown to incorporate 3H-thymidine labeling and undergo rod 
photoreceptor differentiation in various fish including larval goldfish (Johns, 1981). 
Furthermore, in a larval goldfish study it was observed that the RPCs in the INL, 
which labeled with 3H-thymidine, migrated apically towards ONL by forming chains 
of elongated cells (Johns, 1982, Raymond and Rivlin, 1987). This finding was further 
supported by a similar migratory pattern of these thymidine labeled cells in the INL 
from electron microscope autoradiography and serial reconstruction observations 
(Raymond and Rivlin, 1987). In addition, by using sequential labeling of thymidine 
analogs bromodeoxyuridine (BrdU) and iododeoxyuridine (IdU) for several days, 
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Julian et al., demonstrated that these INL RPCs migrated to the ONL and are 
responsible for generating rod precursor cells (Julian et al., 1998) .This was 
confirmed by the observation of IdU labeled cells in the ONL of the rainbow trout. 
Following 43 hours of incubation in IdU containing water, when the fish were 
switched to BrdU containing water, cells labeled with IdU only were observed in the 
ONL. In addition, these IdU only labeled cells increased transiently in the ONL even 
after 24 hours of BrdU incubation. This suggested that RPCs were able to migrate 
from the INL to ONL , as any new cells created in the ONL after BrdU switch would 
have contained BrdU labeling (Julian et al., 1998). Similarly, another study by 
Otteson et al., which also employed a long term use of BrdU to label these cells in 
the INL, reported that the number of BrdU labeled cells in INL did not change upto 
30 days, whilst the number of BrdU labeled rod precursors increased in the ONL 
(Otteson et al., 2001). Moreover, they observed a subset of these cells in the INL 
expressed Pax6, which suggested that these stem cells are responsible for rod 
photoreceptor generation (Otteson et al., 2001).  Interestingly, it was seen that in 
goldfish retina, MG proliferated and migrated  of into empty spaces following 
photoreceptor damage by laser treatment (Braisted et al., 1994). The most 
convincing evidence that these INL mitotic cells are MG and are responsible for rod 
photoreceptor generation in fish, as well as for retinal progenitors after injury, came 
from the studies conducted in the 2000s by Fausett and Goldman, 2006, Bernardos 
and Raymond, 2006, Bernardos et al., 2007 and Fimbel et al., 2007.   Using 
transgenic zebrafish with alpha 1 tubulin GFP-tag, a neuron specific protein 
previously shown to mediate RGC differentiation and proliferating MG after retinal 
injury, Fausett and Goldman demonstrated that following retinal damage, the MG 
cells showed GFP expression as well as BrdU labeling. In addition, these cells also 
expressed the RPC marker Pax6 and after 7 days they expressed HuC/D, RGC and 
amacrine cell markers (Fausett and Goldman, 2006). Furthermore, Bernardos and 
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Raymond also conducted similar studies in transgenic zebrafish by labeling  
cytoplasmic and nuclear Glial fibrillary acidic protein (GFAP)  , a protein exclusively 
expressed by MG in the retina (Bernardos and Raymond, 2006, Bernardos et al., 
2007). Using these species, they found that after retinal injury, GFAP labeled MG 
cells proliferated by expressing markers such as BrdU and PCNA within 1-2 days 
post injury. At days 3-4, Pax6 expressing RPCs also expressed GFAP labeling and 
were found in the INL. Furthermore, at days 4-5, the early photoreceptor marker Crx 
expressing cells in the ONL also were labeled with GFAP and co-expressed zpr1, a 
cone specific antibody (Bernardos et al., 2007). These results were further 
supported by a separate regeneration study conducted by Fimbel et al., 2007 where 
the GCL and INL were damaged through intraocular injection of ouabain in three 
different transgenic lines of zebrafish labeling for GFP in MG, RPCs and 
differentiating RGCs through expression of gfap, olig2 and atoh7 respectively. It was 
shown that within 1 day, there was increased expression of the proliferation marker 
PCNA in both these layers. MG cells primarily expressed PCNA by day 3. However, 
by day 5 the RPC expressing olig2 expressed this marker more than MG. After 7 
days, these RPCs differentiated towards RGCs by expressing the transgenes atoh7 
and zn5 antigens (Fimbel et al., 2007). 
 
In chick, after NMDA induced neurotoxic damage, MG re-entered cell cycle and 
initially, the dividing cells expressed retinal progenitor markers such as Pax6, 
followed by the co-expression of retinal neural markers after 7 days (Fischer and 
Reh, 2001). However, the MG response and its ability to regenerate new retinal 
neurons after injury are limited in the chick as compared to the fish.  This is because 
only a sub-population of MG cells is able to differentiate in chick as they can only 
undergo one round of cell cycle (Fischer and Reh, 2002, Hayes et al., 2007). By 
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contrast, most MG cells in the fish are capable of repairing retinal damage by 
undergoing multiple rounds of cell cycles (Raymond et al., 2006).  
 
The ability of MG to generate new retinal neurons following retinal injury is also 
conserved in small mammals such as rodents. However, the regenerating ability is 
even more limited than in the chick. Like any other injury induced glial response in 
the mammalian CNS, retinal injury also causes up-regulation of the intermediate 
filament protein GFAP (Glial fibrillary acidic protein), cellular hypertrophy, changes 
in ion transport properties and proliferation of MG in a process called reactive gliosis 
(Bringmann et al., 2009). Reactive gliosis eventually inhibits retinal regeneration as 
a result of glial scar formation, but during the early phase of reactive gliosis it 
demonstrates neuroprotective functions by the release of neurotrophic factors such 
as VEGF (vascular endothelial growth factor) which support survival of retinal 
neurons (Yamada et al., 1999), secretion of free radical scavengers such as 
lysozyme, heme oxygenase (Hollborn et al., 2008) and glutamate uptake to prevent 
neuronal toxicity (Kawasaki et al., 2000). In addition, during the early phase of 
reactive gliosis a subpopulation of Müller glia re-enters cell cycle (Sahel et al., 1991).  
Using BrdU labelling on NMDA induced retinal damage of an adult rat , Ooto et al., 
demonstrated that a subpopulation of proliferating Müller glia had differentiated into 
other retinal neurons as these subsets of BrdU labelled cells were found co-
expressing markers of rod photoreceptors, bipolar cells, horizontal cells and 
amacrine cells (Ooto et al., 2004). In mice the proliferation of Müller glia appears to 
be more limited than in the rat as Oubain induced retinal damaged followed by BrdU 
labelling only demonstrated occasional proliferation (Dyer and Cepko, 2000).  Using 
growth factors such as EGF, Müller glia proliferation was shown to increase in rats 
(Karl et al., 2008).  
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In summary, based on these studies, adult MG have the ability to regenerate new 
retinal neurons across species including lower vertebrates, chick and mammals. 
Despite the regenerative ability of the MG becoming more limited in higher 
mammals, by using various growth factors, limited MG proliferation can be promoted 
in small mammals.  
 
 
1.1.2 Comparison of Müller glia functions between zebrafish and 
mammals 
 
Whilst the zebrafish retina can endogenously repair after retinal damage (Raymond 
et al., 2006), mammalian retina cannot self-repair.  In a normal retina, Müller glia 
provide support to neighbouring retinal neurons by maintaining retinal homeostasis 
through exchange of ions, water and neurotransmitters,  as well as visual function 
(Reichenbach and Bringmann, 2010). The stem cell-like characteristics of MG in 
zebrafish is proposed to come from the retinal progenitors which give rise to these 
cells during development (Jadhav et al., 2009). Studies of retinal histogenesis in 
small rodents show that, MG acquire glial characteristics whilst still maintaining the 
stem cell properties of RPCs. This theory is supported by evidences from various 
genomic array studies that have highlighted similarities in the genetic profile 
between mammalian Müller glia and late stage retinal progenitors (Blackshaw et al., 
2004, Roesch et al., 2008, Jadhav et al., 2009).  
 
In the zebrafish, MG also respond to retinal damage by first inducing reactive gliosis 
in a similar fashion as that observed in the mammalian retina, followed by initiation 
of the regeneration cascade (Thomas et al., 2016) (Fig 1.3). Genes such as Ascl1, 
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Lin-28 and Stat3 are observed to be upregulated during retinal regeneration in the 
zebrafish (Fausett et al., 2008, Ramachandran et al., 2010). In addition, epigenetic 
studies by Powell et al showed a decrease in the DNA methylation in MG during this 
regenerative period. The findings that methylation of pluripotency gene promoters, 
which changed during iPSC (induced pluripotent stem cell) generation, remain 
unchanged and stayed in a hypomethylated form (Powell et al., 2013),  suggest that 
hypomethylation of pluripotent gene promoters may induce MG derived retinal 
progenitor formation after retinal injury. This observations  provide support for the 
hypothesis that MG have conserved RPC properties (Powell et al., 2013).  
Furthermore, the nuclei of zebrafish MG undergo apical migration for mitosis, similar 
to the interkinetic nuclear movement made by RPCs during development (Lahne 
and Hyde, 2016) (Fig 1.3). Undergoing a single asymmetric cell division, MG self-
renew and also generate a multipotent RPC (Lenkowski and Raymond, 2014). 
Furthermore, clusters of RPCs are promptly generated by repeat divisions of this 
multipotent RPC. These cells in the cluster migrate to the areas of damage cells 
where they differentiate and repair the damage neurons using the radial processes 
of the dedifferentiated MG (Fausett and Goldman, 2006, Bernardos et al., 2007, 
Nagashima et al., 2013). Throughout regeneration, zebrafish MG maintain their 
radial shape to preserve the retinal structure (Lenkowski and Raymond, 2014).  
 
Although endogenous neurogenesis has not been demonstrated in adult 
mammalian MG after injury, these cells however undergo reactive gliosis. Reactive 
gliosis has similar features associated with early stages of the zebrafish regenerative 
process such as MG proliferation, morphological changes, upregulation of 
regeneration markers, de-differentiation and apical nuclear migration (Dyer and 
Cepko, 2000, Bringmann et al., 2009). More recently, Löffler et al demonstrated in 
ex vivo mouse retinal explants, where there is continuous loss of neurons, that MGs 
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display these different phases: a quiescent state, a dedifferentiation state, a 
proliferation state and neurogenesis of amacrine cells as widely described in the 
zebrafish (Löffler et al., 2015). The regenerative process was aided by the 
stimulation with EGF growth factor (Löffler et al., 2015). 
 
Interestingly, in this study following retinal damage, the regeneration-mediating gene 
Ascl1 was found to be upregulated in a sub population of MG in young mice, whilst 
their levels were decreased in older mice (Löffler et al., 2015). Overexpression of 
Ascl1 has been shown to induce mouse MG mediated differentiation in vitro (Pollak 
et al., 2013). Although this gene was overexpressed in MG of young mice in vivo, 
no changes were observed in uninjured retina. It however induced cell cycle entry 
as well as formation of amacrine, bipolar and photoreceptors in injured retina (Ueki 
et al., 2015). These studies suggest that a low level of Ascl1 expression found in 
mammalian MG when compared to the zebrafish is potentially one of the factors 
responsible for the limited regeneration observed in mammalian retina. Furthermore, 
the promoters of mice Ascl1 were observed to be hypomethylated in the quiescent 
MG as well as in the zebrafish (Powell et al., 2013). This further provides support 
that mammalian MG have the potential for regeneration similar to that seen in the 
zebrafish.  
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Figure 1.3 A model of retinal regeneration in the zebrafish.  A) Following retinal damage, 
the Müller glia nuclei undergo apical migration within 1 day (Lahne and Hyde, 2016). B) 
Through asymmetric cell division, MG self-renew and generate multipotent RPC within 3-5 
days (Lenkowski and Raymond, 2014). C) Using radial processes of the MG, these RPCs 
migrate to neural damage sites where they undergo neural differentiation after 14 days. From 
(Hamon et al., 2016)  
 
 
 
 
 
 
 
 
 
 
 
 
 
A)            B)                             C) 
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1.2 Müller glia express retinal progenitor cell markers 
 
Following retinal injury in the zebrafish, various studies have shown that activated 
Müller glia start expressing factors observed in RPCs during development. The 
expression of RPC markers such as BLBP, Rx1, Pax6, Vsx2 (orthologs of Chx10), 
Six3 and Olig2 have been reported to be upregulated within the first 24 hours post 
injury by genetic and protein analysis (Nagashima et al., 2013, Raymond et al., 
2006, Hsieh, 2012, Lenkowski et al., 2013, Hafler et al., 2012). One of the RPC 
markers, Pax-6 is a member of the paired-box (Pax) family characterised by the 
presence of two DNA binding domains (Paired-domain and Homeodomain). It is 
conserved across species including lower vertebrates and mammals (Bopp et al., 
1986, Bopp et al., 1989). During development, Pax-6 is found in all RPCs and its 
functions include regulating cell cycle and differentiation in the retina (Oron-Karni et 
al., 2008). In adult zebrafish, Pax6 is expressed at low levels. During retinal 
regeneration in the zebrafish, it was shown that Pax6, which exists in two isoforms, 
Pax6a and Pax6b, is required for differentiation of MG into cone photoreceptors, but 
not rod photoreceptors (Thummel et al., 2010). Also in mammalian MG, Pax6 was 
also observed at low expression in cell microarray study in mice (Roesch et al., 
2008). Furthermore, despite the increased expression of Pax6 in mice MG, no 
proliferation of these cell was observed (Joly et al., 2011).  
 
Six3 is an important transcription factor for eye development that directly interacts 
with Gemini, a cell-cycle inhibitor to regulate cell proliferation and differentiation (Del 
Bene et al., 2004). In zebrafish, Six3b (one of the three Six paralogs) was shown to 
be upregulated following retinal damage (Qin et al., 2009). Furthermore, morpholino 
induced knockdown of Six3, also shown to inhibit TGFβ signalling during zebrafish 
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brain development (Inbal et al., 2007), mediated a decrease in the formation of RPC 
under the same conditions (Lenkowski et al., 2013).  
 
As indicated above, an important transcription factor known to promote regeneration 
is Ascl1a, a basic helix loop helix factor reported to be critical for MG derived 
regeneration in zebrafish (Fausett et al., 2008), as well as for MG differentiation in 
mammals (Pollak et al., 2013, Ueki et al., 2015) . Following 6 hours after retinal stab 
injury in the zebrafish this factor has been shown to be highly upregulated in MG 
(Fausett et al., 2008). In addition, following acute light damage, Ascl1a expression 
has been shown to increase by 36 hpi (Qin et al., 2009) and was maintained for 7 
days after the injury (Cameron et al., 2005). Whilst downregulation of Ascl1a by 
morpholino knock down has been shown to reduce MG mediated RPC proliferation 
(Fausett et al., 2008), other reports suggest that TGFβ signalling may also need to 
be downregulated for the inhibition of MG mediated regeneration in the zebrafish 
(Lenkowski et al., 2013). 
 
DNA microarrays comparing genes found in RPCs, MG and neuronal cells have 
highlighted a similar distribution of many genes across retinal progenitors and MG. 
Livesey et al., reported that RPCs have more genes in common with MG (43%) than 
with neuronal cells (Livesey et al., 2004). In addition, from 63 transcripts identified 
in MG alone by a SAGE study with subsequent in situ hybridization, 61 of these 
transcripts were also found in RPCs (Blackshaw et al., 2004). In addition, microarray 
studies conducted in single cells from developing and mature mice retinae (Roesch 
et al., 2008), where the examined sample cells were categorized into early and late 
progenitors, showed that the late progenitors contained genes which were highly 
present in MG, including Sox9 and retinaldehyde binding protein 1 (Roesch et al., 
2008).  
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1.3 Factors involved in Müller glia differentiation 
 
 
Müller glia has been shown to release various factors that are known to be involved 
in retinal development and regenerative processes across species. These include 
HBEGF (Heparin Binding EGF like Growth Factor) and TGFβ (Transforming Growth 
Factor β) (Wan et al., 2012, Lenkowski et al., 2013). Studies in the zebrafish have 
shown that factors such as HBEGF promote MG derived retinal regeneration in the 
injured retina (Wan et al., 2012, Zhao et al., 2014), whilst TGFβ has also been shown 
to play an important role during this process (Lenkowski et al., 2013). Other factors 
such as EGF, FGF or FGF1 and insulin have also been shown to induce proliferation 
of MG cells and appeared to be responsible for the induction of expression of RPC 
markers such as Pax6 following NMDA induced retinal damage in mice (Karl et al., 
2008). It was found that a small population of these cells differentiated into amacrine 
cells as judged by the expression of markers such as Calretinin, NeuN and Prox1 
(Karl et al., 2008).  
 
According to the study by Wan et al. in a stab model of retina injury in the zebrafish, 
it was found that the MG cells express HBEGF. Within an hour after the injury had 
been induced, Hbegfa expression increased in the retina and led to proliferation of 
MG cells followed by their dedifferentiation (Wan et al., 2012, Zhao et al., 2014). In 
contrast, inhibition of Hbegfa expression during this period using either morpholino 
constructs targeting HBEGF or EGF receptor inhibitors decreased proliferation of 
these cells (Wan et al., 2012). However, in a model of zebrafish retinal injury caused 
by light damage in the zebrafish, it was shown that morpholino mediated 
downregulation of HBEGF did not alter the proliferation of RPCs (Nelson et al., 
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2013). HBEGF expression has been shown to be controlled by the transcription 
factor Insm1a, as determined by a chromatin immunoprecipitation assay, which 
indicated that Insm1a binds directly to the hbegf promoter in the injured retina 
(Ramachandran et al., 2012).  
 
In contrast, TGFβ, an anti-proliferative factor, has been shown to prevent the MG 
derived regenerative process by inhibiting MG proliferation (Close et al., 2005, 
Lenkowski et al., 2013). From the zebrafish study, it was shown that following retinal 
injury there is an initial increase in TGFβ signalling, followed by a decrease in the 
components of this signalling pathway (Lenkowski et al., 2013). This was 
demonstrated by increase in TGFβ ligand activin (by 6 hpi) (Craig 2008), and also 
the TGFβ target tgfβi (transforming growth factor beta induced) (8 hpi) (Qin et al., 
2009). These TGFβ factors decreased by 16 hours post injury, whilst TGFβ 
transcriptional repressors such as tgif and six3b remained increased (Qin et al., 
2009). Furthermore, inhibition of either of these TGFβ transcriptional repressors with 
a zebrafish mutant expressing a truncated form of tgif or morpholino, induced 
downregulation of six3b with consequent decrease in the proliferation of MG derived 
RPCs. Furthermore, under these conditions a decrease in the generation of cone 
photoreceptors in the injured zebrafish was also observed (Lenkowski et al., 2013). 
 
1.4 Retinal gliosis and Müller Glia 
 
Müller glia are the main glial cells present in the retina. During retinal injury, these 
cells undergo morphological, biochemical and physiological changes in order to 
protect the undamaged cells and promote repair. This process is known as reactive 
gliosis. Reactive gliosis is characterized by both unspecific and specific gliotic 
responses. Unspecific MG responses include cellular hypertrophy, proliferation and 
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upregulation of intermediate filaments (Bringmann et al., 2009). The increase in 
GFAP (non-specific marker) is considered as universal cellular marker for retinal 
injury/MG activation (retinal stress indicator) (Bignami and Dahl, 1979, Bringmann 
and Reichenbach, 2001, Lewis and Fisher, 2003). Similarly, activation of ERK1/2 
(extracellular signal-regulated kinases 1 and 2) is an example of another non-
specific marker for retinal damage and it is observed in various models of retinal 
injury (Geller et al., 2001, Tezel et al., 2003). In contrast, glutamine synthetase (GS), 
an enzyme responsible for neurotransmitter recycling and ammonia detoxification, 
is thought to constitute a specific gliotic response and is often downregulated in MG 
when glumate producing neural cells such as the photoreceptors are damaged 
(Grosche et al., 1995, Landiev et al., 2006). These changes were not observed in 
MG during diabetic induced retinopathy and optic nerve crush studies (Mizutani et 
al., 1998, Chen and Weber, 2002).  
 
Gliosis is categorised into Conservative/non-proliferative and Massive/proliferative 
gliosis. Conservative gliosis is described as an upregulation of GFAP, cellular 
hypertrophy, a moderate/or no decrease in potassium currents followed by a slight 
membrane depolarization (by 10 mV), a moderate transient or no proliferation of 
MG, and a decrease in the expression of GS, CRALBP and carbonic anhydrase. 
These features have been observed in various animal models of retinal 
degeneration such as inherited photoreceptor dystrophy in rds mice and RCS rats 
(Landiev et al., 2006, Felmy et al., 2001). In massive gliosis, there is no expression 
of proteins that promote retinal neuron support. In addition, MG cell membrane 
potassium conductance decreases, resulting in uncontrolled proliferation of these 
cells and formation of cell masses known as the gliotic scar in the sub-retinal or /epi-
retinal surfaces (Bringmann et al., 1999, Bringmann et al., 2009).  It has been shown 
that upregulation of intermediate filaments such as GFAP and vimentin are essential 
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for glial scarring. By using mice lacking these intermediate filaments, it was shown 
that there was reduced glial scarring in the central nervous system (Pekny et al., 
1999, Kinouchi et al., 2003) as well as in the subretinal space of experimental eyes 
(Nakazawa et al., 2007, Verardo et al., 2008) 
 
Reactive MG can form a fibrotic layer within the subretinal space and also occupy 
the empty spaces left by dead retinal neural cells, RPE and blood vessels (Burke 
and Smith, 1981, Fisher and Lewis, 2003). These gliotic scar has been thought to 
prevent retinal regeneration in mammals as compared to zebrafish, where scarring 
do not occur (Lenkowski and Raymond, 2014, Bringmann et al., 2009). This fibrotic 
layer often contains abnormal deposition of extracellular matrix proteins including 
chondroitin sulfate proteoglycans such as neurocan and cell adhesion molecules 
such as hyaluronan-binding glycoprotein CD44 (Chaitin et al., 1996, Krishnamoorthy 
et al., 2000, Zhang et al., 2003), which inhibit axon growth and regeneration of retinal 
neurons (Bringmann and Wiedemann, 2012, Ponta et al., 2003).   
 
During reactive gliosis MG cells have also been reported to have neuroprotective 
effect. By secreting neurotrophic factors and growth factors such as bFGF which act 
directly on retinal neurons, MG can protect retinal neural cell death (Wen et al., 1995, 
Garcia and Vecino, 2003). In addition, by producing antioxidants such as glutathione 
and pyruvate (Hollborn et al., 2008, Frenzel et al., 2005), they provide 
neuroprotection (Francke et al., 2001) 
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1.5 Canonical and non-canonical Wnt Signalling   
 
 
The Wnt signalling pathway is an important signalling cascade that contributes to 
both development and adult life in mammals. During development, it functions in cell 
proliferation, differentiation, body axis formation and tissue/ organ development. In 
adult, its role includes tissue homeostasis, cell renewal and regeneration (Valenta 
et al., 2012). The Wnt signalling cascade is initiated by Wnt ligands which are 
evolutionary conserved secreted lipoproteins rich in cysteine (Kikuchi et al., 2011). 
There are 19 human genes encoding WNTs, which bind to different receptors and 
activate the Wnt signalling cascade. In general, Wnt signalling can be categorised 
into 2 types: Canonical and Non-Canonical signalling (Kim et al., 2013b).  
 
The canonical Wnt signalling cascade occurs via β-catenin, which translocate into 
the nucleus for transcription of Wnt-target genes (Fig 1.4). When Wnt signalling is 
not activated, cytosolic β-catenin is phosphorylated by glycogen synthase kinase 3β 
(GSK3β) for ubiquitin-dependent degradation (Fig 1.4A). The β-catenin 
phosphorylation takes place within a destruction complex consisting of Axin, 
Adenomatous polyposis coli (APC) and GSK3β. During activation of the canonical 
Wnt signalling, Wnt ligand proteins such as Wnt2b, bind to Wnt Frizzled receptors 
and co-receptors LRP5/LRP6 (Fig 1.4B).  The co-receptor LRP6 is a large single 
transmembrane protein that interacts with Wnt ligand proteins and Frizzled receptors 
via its extracellular domain (ECD). This leads to the formation of a complex between 
Wnt, Frizzled and LRP6, resulting in phosphorylation of the intracellular domain 
(ICD) containing Pro-Pro-Pro-Ser/Thr-Pro repeats (PPPSP) present in LRP5/LRP6 
(Zeng et al., 2005).  The PPPSP site in the LRP5/LRP6 undergoes dual 
phosphorylation. First GSK3β phosphorylates the PPPSP site, which is then 
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followed by another phosphorylation at adjacent serine residues (PPPSPXS) by 
Casein Kinase Iγ (Davidson et al., 2005). Consequently, the fully phosphorylated 
Wnt co-receptor LRP6 acts as a docking site for Axin, which then binds to the 
destruction complex. The phosphorylated LRP6 inhibits GSK3β mediated β-catenin 
phosphorylation by immediately binding to GSK3β and sequestering them into 
multivesicular bodies (Piao et al., 2008). Thus, there is accumulation of β-catenin in 
the cytoplasm which enters the nucleus to bind T-cell factor (TCF)/ Lymphoid 
enhancer factor (LEF) and knocks off transcriptional co-repressor Groucho for Wnt-
target gene transcription (Fig 1.4B) (Kim et al., 2013b) 
 
The Non-canonical Wnt signalling (Planar Cell Polarity signalling (PCP) and Wnt-
Calcium) cascade occurs independently of β-catenin activation (Fig 1.5). PCP uses 
co-receptors ROR and PTK7 for its activation and downstream signalling occurs via 
activation of small G-proteins such as Rho/Rac, which results in actin polymerisation 
and microtubule stabilisation (Sato et al., 2010) (Fig 1.5A). Thus, it leads to changes 
in cell polarity, motility and migration, as observed during cell movement occurring 
in gastrulation and neural tube closure (Clark et al., 2012). Wnt-Calcium signalling 
which has been shown to be important in cancer and inflammation; it acts via Ca2+/ 
Calmodulin-dependent kinase II (CAMKII), Protein kinase C and Calcineurin. 
Furthermore, Calcineurin activates the transcriptional regulator nuclear factor 
associated with T cells (NFAT), leading to transcription of genes associated with cell 
fate and migration (De, 2011) (Fig 1.5B).  
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Figure 1.4 Canonical Wnt Signalling pathway. A) In the absence of Wnt ligand, β-catenin 
in the cytosol is phosphorylated by GSK3β (glycogen synthase kinase 3β) for ubiquitin-
dependent degradation of β-catenin. B) In the presence of Wnt signalling and scaffold protein  
dishevelled, these phosphorylation sites on Wnt co-receptor LRP are dual-phosphorylated 
by GSK3β followed by by Casein Kinase Iγ (Davidson et al., 2005). The fully phosphorylated 
LRP6 acts as a docking site for Axin, which subsequently binds the destruction complex. 
Phosphorylated LRP6 inhibits phosphorylation of β-catenin by GSK3β via immediately 
binding to GSK3β and sequestering them into multivesicular bodies (Piao et al., 2008). Thus, 
there is accumulation of β-catenin in the cytoplasm which enters the nucleus to bind TCF (T-
cell factor)/ LEF (Lymphoid enhancer factor) for Wnt-target gene transcription.  
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Figure 1.5 Non-canonical Wnt Signalling pathways. A) The Non-canonical Planar Cell 
Polarity signalling PCP act via co-receptors ROR and PTK7 for its activation. Downstream 
signalling occurs via activation of small G-proteins Rho/Rac, which results in actin 
polymerisation and microtubule stabilization leading to changes in cell polarity, motility and 
migration (Sato et al., 2010, Clark et al., 2012). B) Wnt-Calcium signalling act via Ca2+/ 
Calmodulin-dependent kinase II (CAMKII), Protein kinase C and Calcineurin. Calcineurin 
activates NFAT to induce cell fate and migration associated genes transcription (De, 2011). 
Furthermore, activation of both NLK and NFAT has been reported to inhibit β-catenin 
mediated transcription (Ishitani et al., 2003, Saneyoshi et al., 2002). Adapted from (Gessert 
and Kuhl, 2010) 
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1.6 Notch Signalling Pathway 
 
The Notch signalling pathway is an evolutionary conserved system that has many 
important functions during development such as maintaining undifferentiated 
progenitors during neurogenesis and promoting Müller glia cell fate during retinal 
development (Ghai et al., 2010).  There are four Notch receptors (Notch1-4) and five 
Notch ligands (Delta-like 1, Delta-like 3, Delta-like 4, Jagged 1 and Jagged 2) 
currently identified in mammals.  
 
Notch receptors are heterodimers made up of an extracellular domain and a 
transmembrane domain that undergo S1 cleavage for the release of a precursor 
protein (Logeat et al., 1998) (Fig 1.6).  Notch ligands expressed on one cell bind to 
Notch receptor on neighbouring cells via EGF-like repeats or DSL binding sites 
(Delta-Serrate-Lag2 domain) that results in S2 cleavage and removal of the 
extracellular domain (Koch et al., 2001). Subsequently, S3 cleavage occurs within 
the transmembrane domain by -secretases, leading to the release of Notch cleaved 
intracellular domain (NICD). NICD translocates to the nucleus and associates with 
the constitutive DNA binding protein CSL (CBF1/RBP-Jk, Suppressor of hairless and 
Lag-1) (Lai, 2002). In addition, mastermind adaptor protein also binds to the CSL 
complex and results in the transcription of Notch target genes such as HES family 
genes (Wu et al., 2000, Kageyama et al., 2005) (Fig 1.6).  
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Figure 1.6 The Notch Signalling pathway. Notch ligands expressed on one cell bind to 
Notch receptor on neighbouring cells via EGF-like repeats or DSL binding sites (Delta-
Serrate-Lag2 domain) that results in S2 cleavage and removal of the extracellular domain 
(Koch et al., 2001). Subsequently, S3 cleavage occurs by -secretases releasing Notch 
cleaved intracellular domain (NICD). NICD translocates to the nucleus and associates with 
the constitutive DNA binding protein CSL (CBF1/RBP-Jk, Suppressor of hairless, Lag-1) and 
mastermind adaptor protein. This results in transcription of Notch target genes such as HES 
family genes. Adapted from (Wu et al., 2000, Kageyama et al., 2005).  
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1.6.1 Notch inhibition in vivo and in vitro 
 
 
Notch receptor is cleaved by -secretases to release the NICD for Notch target gene 
transcription (Fig. 2). -secretase is a protease complex consisting of 4 different 
proteins (presenilin 1 and 2, nicastrin, Pen2 and Aph1). Presenilin contains the 
catalytic site and nicastrin is thought to contain the substrate-binding site (De 
Strooper et al., 1998, Shah et al., 2005).  The -secretase complex cleaves 
substrates such as amyloid precursor protein (APP), neuregulin and Notch receptors 
(Zhao et al., 2010).  -secretase can be pharmaceutically inhibited by -secretase 
inhibitors such as DAPT and RO4929097. RO4929097 is a -secretase inhibitor that 
blocks Notch signalling by preventing cleavage of the Notch transmembrane at the 
S3 cleavage site (Fig. 2). Thus, the NICD cannot be released and translocate into 
the nucleus to promote the activity of Notch target genes.  It was initially created to 
prevent APP cleavage via -secretase inhibition for Alzheimer’s Disease research. 
However, now RO4929097 has been specifically used in cancer research to down-
regulate Notch signalling. This has been demonstrated in vitro by the decrease in 
Notch target genes such as Hes1 in various human cancer lines (e.g. human non-
small cell lung carcinoma cells and human primary melanoma cell lines). 
Furthermore, addition of RO4929097 to cells in culture resulted in less transformed, 
flattened and slower growing phenotype in non-small cell lung carcinoma cells 
(NSCLC). Furthermore, in vivo NSCLC mouse models demonstrated prevention in 
tumour growth by RO4929097 even after completion of the treatment (Luistro et al., 
2009). Similarly, RO4929097 prevented cell proliferation and colony formation in 
human primary melanoma cell lines in culture. In vivo, RO4929097 decreased 
tumour volume and prevented growth of metastatic melanoma cell lines (Huynh et 
al., 2011).  Therefore, R04929097 is currently used in phase I or phase II clinical 
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trials (alone or in combination with other pharmaceutical drugs) for the treatment of 
various types of tumours such as advanced solid tumours, Glioblastoma and 
Metastatic Colorectal Cancer 
(http://www.cancer.gov/drugdictionary/?CdrID=662240.) However, RO4929097 
seems to be less effective in tumour cells with high levels of IL-6 and IL-8 (factors 
known to promote tumour angiogenesis).  Overexpression of IL-6 and IL-8 induce 
RO4929097 sensitive cells to become resistant to this inhibitor  (Nilsson et al., 2005, 
Luistro et al., 2009).  
 
 
1.6.2 Role of Notch in neural progenitor proliferation and 
differentiation 
 
Notch signalling has been demonstrated during retinal development to promote 
Müller glial cell-fate. For example, in vivo Notch1 gene expression by retrovirus in 
retinal progenitor cells of rat retina led to the expression of Müller glia markers such 
as cyclin D3 and CRALBP. In addition, in other stem cells such as neural crest stem 
cells, the activation of Notch was shown to promote glial differentiation while inhibit 
neuronal differentiation in vivo (Morrison et al., 2000). Also in lower vertebrates such 
as zebrafish, Notch1a activation caused retinal progenitor cells to promote glia cell-
fate and inhibit neuronal differentiation (Scheer et al., 2001).  The primary Notch 
downstream factors include the HES family genes such as Hes1, Hes5 and Hey2.  
These negative bHLH (Basic helix-loop-helix) genes have shown to promote glial 
cell fate (Hojo et al., 2000, Satow et al., 2001). For example, Hes1 null mice resulted 
in lack of Müller glial cell formation (Tomita et al., 1996), whilst Hes5 null retinas had 
approximately 40% reduction in Müller glial cells (Hojo et al., 2000) Conversely, 
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mutations in Notch downstream proneural genes such as Mash1 and Ngn2 resulted 
in increased Müller glia production (Akagi et al., 2004, Brown et al., 2001).  
Furthermore, the loss of functional studies in mouse has demonstrated that lack of 
Notch signalling results in the retinal progenitor cells differentiating into neuronal 
photoreceptor cell-fate. For example, Notch1 gene inactivation using the Cre/loxP 
mechanism in peripheral retinal progenitor cells resulted in increased cone 
photoreceptor precursor production instead of early and later born retinal neurons 
(Yaron et al., 2006, Jadhav et al., 2006b). However, the overexpression of the Notch 
intracellular domain (NICD) did not result in the expected glial fate in early mouse 
retina as it did in the postnatal retina. Instead, early progenitor cells were generated 
identified by markers such as frizzled-related protein 2 (Jadhav et al., 2006a). 
Therefore, the evidence presented above suggest that the Müller glial cell fate is 
promoted by the Notch signalling pathway and its downstream bHLH genes such as 
HES family. However, it seems that Müller glial cell fate is not solely dependent on 
Notch signalling pathway and its downstream bHLH genes, and thus other factors 
may also be involved in promoting a Müller glia cell-fate.  
 
Notch signalling is found in adult Müller glia across species such as zebrafish and 
rodent retina; this was shown by the expression of HES family genes (Ghai et al., 
2010, Bernardos et al., 2005, Nelson et al., 2011). The up-regulation of Notch 
signalling after retinal injury has been demonstrated across species such as 
zebrafish, chick and rodents. For example, there is increase in Notch1 and Notch3 
after retinal injury in zebrafish (Raymond et al., 2006). Similarly, increase in Notch1 
and Hes5 in Müller glia has been demonstrated after NMDA induced retinal injury in 
the chick (Ghai et al., 2010).  Furthermore, Notch signalling has been demonstrated 
to be important for the proliferation of Müller glia derived progenitors, a function seen 
during retinal development (Dorsky et al., 1995).  
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By contrast, the inhibition of Notch signalling results in differentiation of Müller glia 
derived progenitors into retinal neurons. For example, treatment with the -secretase 
inhibitor DAPT (which also blocks Notch signalling by preventing cleavage of NICD) 
after retinal injury in chick, blocks MSC derived progenitor proliferation. Instead, 
Notch signalling inhibition results in promotion of MSC derived progenitor 
differentiation towards retinal neurons (Hayes et al., 2007). Furthermore, Notch 
signalling inhibition by DAPT has been shown to induce differentiation of human 
Müller glial stem cells (hMSC) into retinal ganglion cells in vitro (Singhal et al., 2012), 
and use of DAPT combined with Sonic hedgehog (Shh) have been shown to induce  
MG derived progenitors to differentiate into photoreceptors (Del Debbio et al., 2010) 
 
Although Notch signalling is activated after injury across species it seems to have 
opposite functions on MSC derived progenitors. For example, in chick and 
mammals, Notch signalling activation promotes MSC derived progenitor 
proliferation, while Notch inhibition decreases progenitor proliferation. In zebrafish, 
the up-regulation of Notch signalling induces a decrease in MG derived progenitors. 
Instead, the down-regulation of notch signalling promotes MSC derived progenitor 
proliferation (Wan et al., 2012).  
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1.7 Objectives of the Thesis 
  
Based on the current knowledge that following retinal injury, Müller glial cells are 
capable of differentiating into retinal neurons in the zebrafish or in small mammals 
in vivo with the aid of exogenous growth factors, the initial aim of this thesis was to 
test the role of those signalling pathways in human Müller stem cells (hMSC) 
cultures during their proliferation and neural differentiation into RGC and 
photoreceptors. Furthermore, factors such as TGFβ1 and HBEGF, which are highly 
expressed during retinal damage and known to promote gliosis, were examined for 
their effect on these signalling pathways in hMSC cultures. Accordingly, the following 
objectives were formulated: 
 
 
1. To examine expression of components of the Notch and Wnt signalling 
pathways and growth factors associated with retinogenesis in hMSC 
cultures.  
2. To investigate the role of the Notch and Wnt signalling pathways during 
hMSC differentiation towards photoreceptors.  
3. To investigate the interaction of the growth factors TGFβ and HBEGF with 
these signalling pathways and to understand their role on RGC and 
photoreceptor differentiation of hMSC. 
4. To understand the specific role of TGFβ and HBEGF towards hMSC 
differentiation by inhibition of these factors with pharmacological inhibitors.  
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CHAPTER 2: Effect of Notch inhibition on the expression of 
components of the Notch and Wnt signalling pathways by Müller stem 
cell lines- Modulation of Notch targets by TGFβ1 
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2.1 Regulation of Müller glia progenicity by Notch signalling  
 
 
The Notch signalling pathway plays an important role during retinal development in 
both zebrafish and mammals (Bernardos et al., 2005, Jadhav et al., 2006b, Maurer 
et al., 2014). Notch signalling mediates several functions in Müller glia, including 
maintenance of neuronal progenicity, promotion of cell cycle exit for differentiation 
and retention of glial properties. It exerts these effects on a time dependent manner 
during development (Chapouton et al., 2010, Furukawa et al., 2000b, Del Bene et 
al., 2008). Interestingly, growing evidence suggests that Notch signalling is also 
crucial for Müller glia derived retinal regeneration in adult zebrafish (Wan et al., 
2012, Conner et al., 2014), as well as for mammalian regeneration in the mice in 
vivo (Del Debbio et al., 2010). In the zebrafish, following acute light injury, there is a 
decrease in Notch signalling genes during the 16 first hours after damage (Qin et 
al., 2009). This is a time point considered as the peak of cell death in this 
experimental model (Gorsuch and Hyde, 2014). After 16 hours post injury, there is 
an increase in a subset of Notch related genes including deltac, her9, her4.2 and 
jagged2 (Qin et al., 2009). It has been hypothesized that in zebrafish and chick the 
initial downregulation of Notch signalling permits Müller glia to dedifferentiate into 
neural progenitors and to express pro-neural genes such as ascl1a and pax6 
(Lenkowski and Raymond, 2014). Upregulation of Notch signalling would then 
promote acquisition of glial cell properties and regulation of the cell cycle exit and 
cell fate (Lenkowski and Raymond, 2014). Inhibition of Notch signalling by DAPT 
has been shown to increase the expression of ascl1 by Müller glia derived 
progenitors in the zebrafish (Ramachandran et al., 2012, Wan et al., 2012) and the 
post-natal mouse (Nelson et al., 2011). Conversely, overexpression of the Notch  
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Figure 2.1 Effect of Notch signalling on Müller glia in zebrafish and mammals 
(A) Upregulation of Notch signalling pathway by injury signals results in Müller glia 
differentiation in the zebrafish, whilst in vertebrates such as the postnatal chick, adult mice 
and human cells in vitro, upregulated Notch signalling causes Müller glia proliferation. (B) 
Conversely, downregulation of Notch signalling by the γ-secretase inhibitors DAPT or 
RO4929097 causes proliferation of Müller glia in the zebrafish, whilst inducing differentiation 
of these cells in mammals (Adapted from papers by Wan et al., 2012, Del Debbio et al., 2010, 
Singhal et al., 2012, Fischer and Bongini, 2010). 
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intracellular domain (NICD) decreased the expression of ascl1a (Wan et al., 2012).  
Interestingly, in the zebrafish Notch inhibition results in the proliferation of Müller glia 
derived progenitors in both damaged and undamaged retinae (Wan et al., 2012, 
Conner et al., 2014), whereas the proliferation of progenitors in the postnatal chick 
and adult mouse retina is promoted by the activation of Notch signalling (Das et al., 
2006, Del Debbio et al., 2010, Ghai et al., 2010, Hayes et al., 2007).  
 
2.1.1 Crosstalk between Notch and TGFβ signalling pathways 
 
Both the Notch and TGFβ signalling pathways have been shown to play an important 
role during Müller glia derived progenitor proliferation and differentiation following 
retinal damage (Wan et al., 2012, Lenkowski et al., 2013). Various studies have 
demonstrated crosstalk between the components of these two pathways. The 
upregulation of HES1, primary target of Notch signalling, has been reported to be 
caused by activation of TGFβ signalling pathways and has been demonstrated in 
chick in vitro and in vivo (Blokzijl et al., 2003). This has been shown to be due to the 
direct interaction between NICD and Smad3, and the ability of Smad3 to bind to 
DNA binding sites in the presence of a complex between the DNA binding protein 
CSL (CBF1/RBP-Jk), suppressor of hairless (Lag-1) and NICD (Blokzijl et al., 2003) 
(Fig 2.2).  
 
Further evidence of crosstalk has been demonstrated in the Epithelial to 
Mesenchymal cells transition (EMT) of cells from the mammary gland, kidney 
tubules and epidermis by upregulation of Notch target genes such as HES1, HEY1, 
HEY2 and HES5 by TGFβ signalling (Zavadil et al., 2001, Zavadil et al., 2004). In 
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contrast, downregulation of Notch signalling has been demonstrated to inhibit the 
TGFβ signalling (Zavadil et al., 2004). Furthermore, through inhibition of Notch3 
expression, TGFβ signalling  promotes smooth muscle cell differentiation (Kennard 
et al., 2008), whilst activation of Notch signalling is essential for BMP4 mediated 
inhibition of muscle stem cell differentiation (Dahlqvist et al., 2003) as well as 
inhibition of endothelial cell migration (Itoh et al., 2004). 
 
2.1.2 Crosstalk between Notch and Wnt signalling pathways 
 
The Notch and Wnt signalling pathways are both important for the development of 
retinal cells as well as for retinal regeneration following retinal damage in both 
zebrafish and mammals (Wan et al., 2012, Ramachandran et al., 2011, Del Debbio 
et al., 2010).   According to Collu et al, the interaction between these two pathways 
can occur into three forms: i) co-operative regulation of transcriptional targets, ii) 
transcription-dependent interaction and iii) direct molecular crosstalk between signal 
transduction machinery (Collu et al., 2014) (Fig 2.3).  
 
Co-operative regulation of transcription targets has been shown during drosophila 
wing development, where synergic activation of Notch and Wnt signalling pathways 
induces an enhancer element which regulates vestigial expression required for 
boundary formation between the dorsal and ventral surfaces (Klein and Arias, 1999) 
(Fig 2.3A). Similarly, the formation of a complex between RBP-Jk, NICD and β-
catenin following co-activation of Notch and Wnt signalling pathways were required 
to form arterial endothelial cells, but not venous endothelial cells from embryonic 
stem cells 
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Figure 2.2 Crosstalk between Notch and TGFβ and Wnt signalling pathways. Interaction 
between Notch and TGFβ can occur through binding between intracellular cytoplasmic 
domain (NICD) and CSL (RBP-JK/CBF1/Su) complex with SMAD proteins in chick (Blokzijl 
et al., 2003). From (Xu et al., 2009) 
    
 
 
 
 
 
 
 
 
 55 
and in vivo (Yamamizu et al., 2010). Transcription-dependent interaction occurs 
during development to generate temporal and spatial separation of Notch and Wnt 
activity, such as formation of dorsal and ventral surfaces in drosophila wing 
development (Klein and Arias, 1998). Notch signalling is initially activated at the 
dorsal-ventral boundary cells, inducing Wnt signalling to help growth and patterning 
of the wing. In turn, Wnt signalling controls the induction of Notch ligand expression 
to maintain Notch and Wnt signalling active (Micchelli et al., 1997, Micchelli and 
Blair, 1999) (Fig 2.3B).  
 
Direct molecular crosstalk between Notch and Wnt signalling pathways has been 
demonstrated as follows: In the drosophila sensory organ precursor cells (SOP), the 
Wnt signalling component dishevelled has been shown to directly interact with Notch 
in vivo, resulting in inhibition of the Notch induced specification of SOP cells (Axelrod 
et al., 1996) (Fig 2.3C). Furthermore, during Xenopus cell fate specification, it has 
been shown that dishevelled can directly interact with RBPj and regulate Notch 
signalling (Collu et al., 2012). In addition, it has been demonstrated that membrane 
bound Notch can bind to active β-catenin, promoting its degradation in stem and 
colon cancer cells (Kwon et al., 2011). By contrast, NICD has also been shown to 
inhibit canonical Wnt signalling, possibly through expression of HES1 (Deregowski 
et al., 2006) or through modulation of the histone status of Wnt target genes (Kim et 
al., 2012). Additionally, it has been suggested that NICD can modulate Wnt 
signalling by forming a complex between NICD/RBP-Jk and β-catenin that prevents 
β-catenin binding to its target sites (Collu et al., 2014).  
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Figure 2.3 Crosstalk between Notch and Wnt signalling pathways. A) Co-operative 
regulation of transcriptional targets. When activation of both Notch (red Square) and Wnt 
(blue circle) signalling pathways lead to transcription of their target genes. B) Transcription-
dependent interaction. Activation of one pathway (For e.g. Wnt) lead to sequential activation 
of the other pathway (e.g. Notch) by promoting their ligand expression. C) Direct molecular 
crosstalk.  When a intracellular component of Wnt (e.g. dishevelled) (red Square) can directly 
interact with intracellular component of Notch pathway (e.g. RBPJK) (light blue oval) and 
inhibit gene transcription for the Notch induced specification SOP cells in drosophila (Axelrod 
et al., 1996) or regulate Notch signalling  in Xenopus (Collu et al., 2012). From (Collu et al., 
2014) 
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2.2 Function of the basic helix-loop-helix (bHLH) genes in Müller  glia  
 
 
The hairy and enhancer of split (HES) family is a type of basic helix-loop-helix 
(bHLH) genes, some of which are known Notch targets that regulate neural stem 
cells maintenance and promote gliogenesis (Kageyama et al., 2005). HES1 is one 
of the 7 members of the HES family, which is highly expressed by neural stem cells 
(Sasai et al., 1992) and is known to promote Müller glia formation. HES family 
proteins can bind to DNA templates via their conserved amino-terminal conserved 
bHLH domain. Through the bHLH domain, HES can repress transcription by binding 
to two transcription sequences, E box and N box. HES1 is known to have stronger 
affinity for N box, whereas most others including HES3 bind strongly to the E box 
(Sasai et al., 1992). This is due to the presence of a proline residue within the 
conserved bHLH domain (Sasai et al., 1992). Using the WRPW domain at the 
carboxy-terminal, HES can bind the co-repressors TLE/Groucho resulting in 
transcriptional repression of the HES family (Paroush et al., 1994, Grbavec and 
Stifani, 1996). Additionally, HES can be repressed at protein level by forming a non-
functional heterodimer with activator-type bHLH factors such as Mash1, preventing 
Mash1 from dimerizing with another activator-type bHLH factor such as E-47, which 
would normally result in transcription (Sasai et al., 1992)    
 
HES1 expression is controlled by Notch signalling (Jarriault et al., 1995), however, 
the expression of not all members of the HES family are directly regulated by Notch 
signalling such as HES3 (Nishimura et al., 1998).  The absence of HES1 expression 
prevents Notch signalling from inhibiting neuronal differentiation, suggesting that 
HES1 is a key target for neural differentiation of Müller glia (Ohtsuka et al., 1999). 
Activation of Notch signalling results in the formation of a complex between the DNA 
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binding protein RBP-Jk and the Notch intracellular domain (NICD), which leads to 
transcription of HES1 (Honjo, 1996). In the absence of NICD, RBP-Jk represses 
transcription of HES1 by binding to their promoters (Selkoe and Kopan, 2003).  
 
2.2.1 Role of BRN3 in retinal ganglion cell development 
 
 
The BRN3 family of factors consists of three classes of IV POU domain transcription 
factors; BRN3A, BRN3B and BRN3C. It has been shown that BRN3B is expressed 
early during retinal ganglion cell differentiation (Gan et al., 1999), whilst BRN3A and 
BRN3C are expressed later during differentiation (Wang et al., 2002). Initially, it was 
assumed that BRN3B played the most important role amongst the BRN3 family of 
transcription factors as a single Knockout of each of the BRN3 members in mice 
showed that only BRN3B mutants had a significant deterioration   on RGC 
development (Gan et al., 1996, Erkman et al., 1996, Wang et al., 2002, Wang et al., 
2000).  However, double knockout studies of BRN3B with BRN3C or BRN3B and 
BRN3A demonstrated that these mutants showed more severe defects as compared 
to the single BRN3B mutation(Wang et al., 2002), indicating the  importance of both 
BRN3A and BRN3C in RGC development.  
 
BRN3B has been shown to play an important role in the maturation of retinal 
ganglion cells. In the absence of BRN3B expression, RGC axons do not develop 
normally, often presenting with short, disorganized axons mimicking dendritic 
features. In addition, they display pathfinding defects and migratory problems within 
the ganglion layer (Erkman et al., 1996), and about 70% of these RGCs die during 
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early development, resulting in the formation of a thin optic nerve (Gan et al., 1999, 
Wang et al., 2000)  
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2.3 Objectives 
 
 
The importance of the Notch signalling pathways during retinal development as well 
as in Müller glia mediated differentiation following injury has been demonstrated in 
species such as the zebrafish and small mammals. In addition, inhibition of the 
Notch signalling has been demonstrated to induce RGC formation in human Müller 
glia stem cells under culture conditions.  However, we do not know the effect of 
Notch inhibition on components of the Wnt signalling, a pathway shown to be 
important during MG mediated retinal regeneration in the zebrafish. Also, the effect 
of factors released during retinal gliosis such as TGFβ are unknown during this 
process. Therefore, this study aimed to demonstrate whether Notch inhibition has 
any effect on the components of Wnt signalling pathway and whether modulation of 
Notch downstream targets by TGFβ1 may affect human Müller stem cell proliferation 
and differentiation. 
 
On this basis, this chapter aims were as follows: 
 
1. To investigate the effect of various concentration of -secretase inhibitor 
RO4929097 on the expression of downstream target HES1 in various hMSC 
lines. 
2. To examine the effect of the various concentrations of the -secretase 
inhibitor RO4929097 on hMSC proliferation.  
3. To study the effect of TGFβ on Notch targets during RGC differentiation. 
4. To investigate the effect of Notch inhibition on components of the canonical 
and non-canonical Wnt signalling pathway. 
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To achieve these objectives, the following experiments were conducted: 
 
1. Müller stem cells were cultured with various concentration of the -secretase 
inhibitor RO4929097 to identify the optimum concentrations that 
downregulate HES1 mRNA and protein expression and that could be used 
for assessing functional effects on human MSC.  
 
2. Human Muller stem cells were cultured in the presence or absence of the 
Notch inhibitors RO4929097 or DAPT to examine gene and protein 
expression of components of the canonical and non-canonical Wnt signalling 
pathway. Selective gene components of canonical Wnt signalling, including 
WNT2B,  DKK1, WISP-1 and AXIN2 were identified by RT-PCR of isolated 
mRNA, whilst intracellular protein was identified by western blotting analysis 
of isolated protein. In addition, protein expression was also identified by 
quantification of immunostained cells.  
 
3. To investigate the effect of TGFβ1 on RGC differentiation of human MSC, 
cells were cultured with DAPT/FGF in the presence or absence of this factor. 
Gene expression of the RGC markers HES1 and BRN3A were examined by 
RT-PCR whilst protein expression was identified by immuno-cytochemical 
staining.   
 
4. The effect of Notch inhibition on human MSC cell proliferation was analysed 
by immuno-cytochemical staining of Ki67 and the Hexosamindase assay. 
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2.4 Results 
 
2.4.1 The γ-secretase inhibitor RO4929097 downregulates the 
expression of the Notch target gene HES1 in human Müller stem cell 
lines 
 
Culture of MIO-M1 cells with the γ-secretase inhibitor RO4929097 at concentrations 
ranging from 0.0005 μM to 50 μM demonstrated that this inhibitor significantly 
decreased the mRNA expression of HES1 in a dose response manner when used 
at concentrations ranging from 0.5 μM to 50 μM (p<0.05 for 0.5 μM. and 5 μM; 
p<0.01 for 50 μM) as compared to control cells cultured with medium alone (Fig 
2.4A). When RO4929097 was used at lower concentrations (0.0005 μM and 0.005 
μM) it did not modify HES1 mRNA expression when compared to control cells (Fig 
2.4A).  
 
Corresponding to mRNA expression, Western blot analysis of whole cell lysates 
from MIO-M1 cells cultured with 0.5 μM RO4929097 also showed a significant 
decrease in the levels of intracellular HES1 protein as compared to cells cultured 
with medium alone (p<0.05) (Fig 2.4B).  
 
Similarly, culture of three different human Müller stem cell lines with 0.5 μM 
RO4929097, showed that two of the cell preparations investigated (6426 and 6387) 
underwent a significant decrease in the mRNA expression of HES1 as compared to 
the control cells, (p<0.01) and (p<0.05) respectively (Fig 2.5). However, no 
significant downregulation of HES1 mRNA expression was observed in the third cell 
line investigated (6391) when compared to the control cells (Fig 2.5). As these cell 
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lines were generated from different patients, there is always a possibility that they 
may respond differently to this γ-secretase inhibitor. A study published by He et al., 
had previously reported that high levels of interleukin protein (IL-6 and IL-8) 
expression in tumour cells inhibit the activity of RO4929097 (He et al., 2011). The 
examination of IL-6 and IL-8 interleukin proteins of whole cell lysates from these 
hMSC lines demonstrated that hMSC line 6391 showed the highest protein 
expression for both interleukin proteins amongst all the cell lines when compared to 
control normal human retina (Fig 2.6).  hMSC lines MIO-M1 and 6426 had similar 
level protein expression of these interleukins, whilst 6387 cell line had higher IL-6 
expression than these two cell lines but similar IL-8 protein expression, when 
compared to control cells (Fig 2.6).  
 
The findings from these experiments suggest that the γ-secretase inhibitor 
RO4929097 can significantly downregulate the Notch signalling target gene HES1 
in various human Müller glia cell lines. The Notch inhibition activity of RO4929097 
on these cells may be affected by IL-6 and IL-8 interleukin protein expression levels, 
as the cell line 6391 which displayed the highest expression of these proteins was 
not inhibited by this γ-secretase inhibitor.  
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Figure 2.4 Inhibition of the Notch signalling target HES1 in MIO-M1 cells is dependent 
on the concentration of γ-secretase inhibitor  (A) Culture of MIO-M1 cells with the γ-
secretase inhibitor RO4929097 significantly downregulated mRNA expression of the Notch 
primary target HES1 at concentrations ranging between 0.5 μM to 50 μM; n=3. Anova test. 
*p<0.05 v. control (B) Western blot analysis of lysates from cells cultured with 0.5 μM 
RO4929097 also showed a significant decrease in the expression of HES1 protein; n=3. 
Student’s t-test; *p<0.05 v. control. Histograms represent the mean + SEM of the optical 
density of gel bands normalized to β-actin. Representative gel bands are shown above 
histograms. 
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Figure 2.5 Inhibition of the Notch signalling target HES1 in three different human 
Müller stem cell lines: 6426, 6387 and 6291. Culture of the Müller stem cell lines 6426 and 
6387 with 0.5 μM of RO4929097 resulted in a significant decrease in mRNA expression of 
the Notch primary target HES1. No changes were observed in the 6391 cell line; n=3-
4.Student’s t-test; *p<0.05 v. control, **p<0.01 v. control. Histograms represent the mean + 
SEM of the optical density of gel bands normalized to β-actin. Representative bands are 
shown above histograms  
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Figure 2.6 Expression of IL-6 and IL-8 proteins in Normal retina and Müller cell lines.  
A) IL-6 protein expression varies in different human Müller cell lines. Amongst all the cell 
lines examined, 6391 showed the highest protein expression as compared to control normal 
retina. B) Similarly, in these same cell lines, human Müller cell line 6391 also demonstrated 
the highest protein expression of IL-8 as compared to control normal retina.   
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2.4.2 Examination of the effect of TGFβ1 on the Notch signalling target 
HES1 and the retinal ganglion cell markers BRN3A and BRN3B  
 
Both Notch and TGFβ signalling pathways have been shown to regulate Müller glia 
proliferation and differentiation. Evidence of the interaction between the components 
of these two signalling pathways has been demonstrated by the upregulation of 
HES1 by TGFβ signalling (Zavadil et al., 2004). In addition, it has been reported that 
Notch inhibition leads to the differentiation of human Müller stem cells towards a 
retinal ganglion cell phenotype in vitro (Singhal et al., 2012, Becker et al., 2013), and 
that TGFβ, which is capable of inhibiting cell proliferation, is highly expressed during 
retinal gliosis (Hoerster et al., 2014). Therefore, we examined the effect of TGFβ1 
alone or in the presence of γ-secretase inhibitor DAPT on the mRNA expression of 
the Notch primary target HES1 and the RGC marker BRN3B in hMSC.  
 
Culture of hMSC line MIO-M1 with 50 ng/ml of TGFβ1 for 7 days did not modify the 
mRNA expression of HES1 as compared to control cells cultured with medium alone 
(Fig 2.7A). By contrast, HES1 mRNA expression was significantly downregulated by 
DAPT in the presence of FGF2 as compared to control cells (p<0.001). Addition of 
50 ng/ml TGFβ1 to cells undergoing Notch inhibition by DAPT in the presence of 
FGF2 did not modify HES1 mRNA expression in these cells as compared to cells 
cultured with DAPT and FGF2 (Fig 2.7A).   
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Similarly, 50 ng/ml TGFβ1 did not induce any significant changes in the mRNA 
expression of the RGC marker BRN3B when compared to control cells (Fig 2.7B). 
In contrast, and as previously reported by (Singhal et al., 2012, Becker et al., 2013), 
hMSC line MIO-M1 cultured with DAPT in the presence of FGF2 showed a 
significant upregulation in their mRNA expression of BRN3B (p<0.05) as compared 
to control cells (Fig 2.7B). However, addition of 50 ng/ml TGFβ1 to these cells 
undergoing RGC differentiation did not modify the mRNA expression of BRN3B 
when compared to cells undergoing RGC differentiation (Fig 2.7B). Furthermore, 
immuno-cytochemical examination of nuclear BRN3A protein showed similar pattern 
as the BRN3A mRNA expression. There were an increased percentage of cells with 
nuclear BRN3A immunostaining in the hMSC cultured with the Notch inhibitor when 
compared to control cells cultured with medium alone (Fig 2.8). However, addition 
of TGFβ1 to hMSC undergoing RGC differentiation did not modify the percentage of 
cells staining for this marker (Fig 2.8).  
 
Taken together, the results from these experiments suggest that the TGFβ1 did not 
modify the expressions of the Notch signalling downstream targets HES1, BRN3A 
and BRN3B in hMSC line MIO-M1.  
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Figure 2.7 Effect of TGFβ1 on mRNA expression of the Notch primary target HES1 and 
the retinal ganglion cell marker BRN3B in MIO-M1 cells.  (A) Culture of MIO-M1 cells 
with 50 ng/ml TGFβ1 for 7 days did not cause changes in the expression of HES1 mRNA 
as compared to control cells. In contrast, downregulation of HES1 mRNA was observed in 
cells cultured with the 50 μM Notch inhibitor DAPT in the presence of FGF2. Addition of 
TGFβ1 to cells undergoing Notch downregulation did not modify the downregulation of HES1 
by this inhibitor; n=4. Student’s t-test; ***p<0.001 v. control. (B) Similarly, culture of MIO-M1 
cells with 50 ng/ml TGFβ1 for 7 days did not modify the mRNA expression of BRN3B as 
compared to control cells. In addition, the upregulated BRN3B mRNA expression caused by 
cells cultured with 50 μM DAPT in the presence of FGF2 was also not changed by the 
addition of TGFβ1. Conversely, TGFβ1 neither caused changes in BRN3B mRNA 
expression compared to control nor inhibited the increase in the BRN3B mRNA expression 
caused by the Notch inhibitor; n=4. Student’s t-test; *p<0.05 v. control. Histograms represent 
the mean + SEM of the optical density of gel bands normalized to β-actin.Representative 
bands are shown above histograms.  
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Figure 2.3 Effect of TGFβ1 on mRNA expression of the Notch primary target  
HES1 and the retinal ganglion cell marker BRN3B in MIO-M1 cells.  (A) 
Culture of MIO-M1 cells with TGFβ1 for 7 days did not cause changes in the 
expression of HES1 mRNA as compared to control cells. In contrast, 
downregulation of HES1 mRNA was observed in cells cultured with the Notch 
inhibitor DAPT in the presence of FGF2. Addition of TGFβ1 to cells undergoing 
Notch downregulation did not modify the downregulation of HES1 by this inhibitor; 
n=4. Student’s t-test; ***p<0.001 v. control. (B) Similarly, culture of MIO-M1 cells 
with TGFβ1for 7 days did not modify the mRNA expression of BRN3B as 
compared to control cells. In addition, the upregulated BRN3B RNA expression 
caused by cells cultured with DAPT in the presence of FGF2 was also not 
changed by the addition of TGFβ1. onversely, TGFβ1 neither caused changes in 
BRN3B mRNA expression compared to control nor inhibited the increase in the 
BRN3B mRNA expression cause  by the Notch inhibitor ; n=4. Student’s t-test; 
*p<0.05 v. control. Histograms represent the mean + SEM of the optical density of 
gel bands normalized to β-actin.Representative bands are shown above 
histograms. 
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Figure 2.8 Effect of RO4929097 and TGFβ1 on nuclear BRN3A protein expression in 
MIO-M1 cells. Notch inhibition by 0.5 μM RO4929097 caused a marked increase in the 
nuclear BRN3A protein expression (Alexa  555, red) as compared to control cells. Addition 
of 50 ng/ml TGFβ1 to these cells with Notch inhibition did not modify BRN3A expression 
when compared to RO4929097 alone. Cell nuclei counterstained with DAPI (blue). Scale 
bars 50 m. 
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Figure 2.4. Effect of RO4929097 and TGFβ1 on BRN3A protein expression 
in MIO-M1 cells.  Immuno-staining for BRN3A confirmed that whilst Notch 
inhibition by RO4929097 alone caused a marked increase in the protein 
expression of this retinal ganglion cell marker, however, the addition of TGFβ1 to 
MIO-M1 cells cultured with RO4929097 did not cause changes in the protein 
expression of BRN3A (Alexa  555, red). Cell nuclei counterstained with DAPI 
(blue). Scale bars 50mm. 
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2.4.3 Effect of Notch inhibition on the regulation of components of the 
canonical and non-canonical Wnt signalling pathways in hMSC 
 
The Notch and Wnt signalling pathways have been shown to be involved in Müller 
glia proliferation and differentiation across various species, including zebrafish and 
small mammals (Wan et al., 2012, Ramachandran et al., 2011, Del Debbio et al., 
2010). In addition, it has been demonstrated that activation of the Notch intracellular 
domain can inhibit the canonical Wnt signalling pathway possibly through expression 
of HES1 (Deregowski et al., 2006). Thus, we investigated the effect of Notch 
inhibition on the canonical and non-canonical Wnt signalling components in various 
hMSC lines.  
 
Culture of MIO-M1 cells with 0.5 μM RO4929097 resulted in a significant decrease 
in WNT2B mRNA expression (p<0.01) as compared to cells cultured with medium 
alone (Fig 2.9A). Additionally, western blot analysis of whole cell lysates of MIO-M1 
cells cultured with RO4929097 demonstrated a decrease in WNT2B protein 
expression (p<0.05) upon Notch inhibition as compared to control cells (Fig 2.9B). 
When three different cell lines (6426, 6387 and 6391) were cultured with the Notch 
inhibitor RO4929097, a significant decrease in WNT2B mRNA expression was 
observed in the cell line 6387 (p<0.05) when compared to the control cells (Fig 2.9).  
However, RO4929097 did not cause any changes in the mRNA expression of this 
gene in the other cell lines 6426 and 6391 as compared to control cells (Fig 2.9). 
 
Corresponding to the decrease observed in WNT2B mRNA and protein expression 
by 0.5 μM RO4929097 in MIO-M1 (Fig 2.9) and mRNA expression in 6387 hMSC 
cell line (Fig 2.10) respectively, Notch inhibition also caused a significant decrease 
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in the mRNA expression of the canonical Wnt signalling targets WISP-1 (p<0.01) 
and AXIN2 (p<0.05) in MIO-M1 cells, whilst DKK1 mRNA expression was increased 
in this hMSC line as compared to control cells (2.11A). In 6387 cell line, a significant 
decrease in DKK1 (p<0.05) and WISP-1 (p<0.05) mRNA expressions were caused 
by RO4929097 when compared to control cells (Fig 2.11B). However, no significant 
change was observed in mRNA coding for AXIN2 by RO4929097 in this cell line (Fig 
2.11B).  When three different hMSC lines MIO-M1, 6426 and 6387 were cultured 
with 0.5 μM RO4929097 for the examination of non-canonical Wnt signalling ligand 
WNT5B, there was a significant decrease in WNT5B mRNA expression (p<0.001) 
in MIO-M1 cells as compared to the control cells (Fig 2.12). However, 0.5 μM 
RO4929097 did not modify the WNT5B mRNA expression in hMSC lines 6426 and 
6387 as compared to controls (Fig 2.12).  
 
The results suggest that Notch inhibition by RO4929097 inhibits the components of 
the canonical Wnt signalling including WNT2B, AXIN2 and WISP-1 in hMSC. 
Additionally, non-canonical Wnt signalling ligand WNT5B is also downregulated by 
inhibition of the Notch signalling in hMSC. However, similar to the variation seen in 
different hMSC lines in the downregulation of HES1 by this γ-secretase inhibitor, 
differences in the downregulation of the WNT components were also observed in 
the different examined hMSC lines.   
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Figure 2.9 Effect of Notch inhibition on the canonical Wnt signalling ligand WNT2B in 
MIO-M1 cells.  (A) Notch inhibition in MIO-M1 cells by RO4929097 induced downregulation 
of WNT2B mRNA expression in these cells; n=3. Student’s t-test; **p<0.01 v. control. (B) 
Western blot analysis of cell lysates from MIO-M1 cells showed a mark decrease of WNT2B 
intracellular protein in cells treated with RO4929097 at a concentration of 0.5 μM as 
compared to control cells; n=3.  Student’s t-test, *p<0.05 v. control. . Histograms represent 
the mean + SEM of the optical density of gel bands normalized to β-actin. Representative 
gel bands are shown above histograms. 
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Figure 2.5 Effect of Notch inhibition on the canonical Wnt signalling ligand 
WNT2B in MIO-M1 cells.  (A) Notch inhibition in MIO-M1 cells by RO4929097
induced downregulation of WNT2B mRNA expression in these cells; n=3. 
Student’s t-test; **p<0.01 v. control. (B) Western blot analysis of cell lysates from 
MIO-M1 cells showed a mark decrease of WNT2B intracellular protein in cells 
treated with RO4929097 at a concentration of 0.5 μM as compared to control 
cells; n=3.  Student’s t-test, *p<0.05 v. control. . Histograms represent the mean 
+ SEM of the optical density of gel bands nor alized to β-actin. Representative 
gel bands are shown above histograms.
WNT2B
β-actin
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Figure 2.10 Effect of Notch inhibition on the canonical Wnt signalling ligand WNT2B 
in various Müller stem cell lines (6426, 6387 and 6391).  Notch inhibition by 0.5 μM 
RO4929097 induced downregulation in the expression of WNT2B mRNA in the 6387 cell- 
line, whilst there were no changes were observed in the cell lines 6426 and 639; n=3-4. 
Student’s t-test; *p<0.05 v. control. Histograms represent the mean + SEM of the optical 
density of gel bands normalized to β-actin. Representative bands are shown above 
histograms.  
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Figure 2.11 Effect of Notch inhibition on the canonical Wnt signalling component β-
catenin and Wnt target genes DKK1, WISP-1 and AXIN2 in in Müller stem cell lines 
(MIO-M1, 6387 and 6391). A) In MIO-M1 cell line, Notch inhibition by 0.5 μM RO4929097 
caused upregulation in mRNA expression of DKK1. In contrast, RO4929097 used at the 
same concentration caused downregulation in mRNA expression of WISP-1 and AXIN2  in 
these cells; n=3-4. Student’s t-test; *p<0.05 v. control. B) Culture of 6387 cells with 
RO4929097 at the same concentration caused downregulation in mRNA expressions of 
DKK1 and WISP-1 in these cells but did not alter AXIN2 mRNA expression; n=3-4. Student’s 
t-test; *p<0.05 v. control.  
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Figure 2.12 Effect of Notch inhibition on the non-canonical Wnt signalling ligand 
WNT5B in the Müller glia stem cell lines MIO-M1, 6426 and 6387.  Notch inhibition by 0.5 
μM RO4929097 caused a decrease in mRNA expression of WNT5B in the MIO-M1 cell line, 
whilst it did not induce changes in the 6426 and 6387 cells; n=3. Student’s t-test; *p<0.05 v. 
control. Histograms represent the mean + SEM of the optical density of gel bands normalized 
to β-actin. Representative bands are shown above histograms.  
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2.4.4 Effect of Notch inhibition on cell proliferation of MIO-M1 cells 
 
In mammals, the Notch signalling pathway is known to promote cell proliferation in 
different cell types including Müller glia (Del Debbio et al., 2010). Thus, the effect of 
RO4929097 mediated Notch inhibition on hMSC line MIO-M1 cell proliferation was 
examined by culturing these cells with different concentrations of RO4929097 (0.005 
μM to 50 μM) for 7 days.  A dose response decrease in number of MIO-M1 cells was 
observed with increasing log10 concentrations of RO4929097 (p<0.001) when 
compared to control cells cultured with medium alone (Fig 2.13). In addition, 
immuno-cytochemical staining of these hMSC cultured with the various 
concentrations of γ-secretase inhibitor RO4929097 (0.005 μM, 0.5 μM and 50 μM 
showed a similar dose dependent decrease in the percentage of cells labelling for 
cell proliferation marker Ki67 (p<0.05 for 0.005 μM; p<0.001 for 0.5 μM and p<0.001 
for 50 μM) as compared to control cells (Fig 2.14). Therefore, the results suggest 
that the inhibition of Notch signalling by RO4929097 cause downregulation of the 
hMSC cell proliferation and may possibly promote differentiation.  
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Figure 2.13 Effect of Notch inhibition on the proliferation of the MIO-M1 stem cell line. 
Culture of MIO-M1 cells in the presence of RO4929097 at range of concentrations from 0.005 
to 50 μM for 7 days caused a decrease in cell proliferation in a dose response manner, as 
assessed by the hexosaminidase assay. The change in cell number/cell growth is expressed 
as the absorbance (Wendeler and Sandhoff, 2009) 
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Figure 2.9. Effect of Notch inhibition on the proliferation of he MIO-M1 
stem cell line. Culture of MIO-M1 cells in the presence of RO4929097 at 
range of concentration  from 0.005 to 50 μM for 7 days caused a decrease in 
cell proliferation in a dose response manner, as assessed by the 
hexosaminidase assay. The change in cell number/cell growth is determined 
as the absorbance (Wendeler and	Sandhoff,	2009)
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Figure 2.14 Effect of Notch inhibition on the proliferation of MIO-M1 cells. 
Confocal images confirmed that culture of MIO-M1 cells with various concentrations of 
RO4929097 caused a decreased expression of the cell proliferation marker Ki67 (Alexa 555, 
red). Cell nuclei counterstained with DAPI (blue). Scale bars 50m. x20 Magnification. 
Histogram represents the percentage of cells stained with Ki67 following 7 days culture with 
different RO4929097 concentrations; n = 3. ANOVA test; *p<0.05 v. control; ***p<0.001 v. 
control.    
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Figure 2.10
Effect of Notch i hibition on the pr liferation of MIO-M1 cells
Confocal imag s confirmed that culture of MIO-M1 cells with various 
conc ntrations f RO4929097 caused a decreased expression of the cell 
pr liferation marker Ki67 (Alexa 555, red). C ll nuclei counterstained with 
DAPI (blue). Scale bars 50mm.  Histogram represents the percentage of cells 
stained with Ki67 following 7 days culture with different RO4929097 
concentrations; n = 3. ANOVA test; *P<0.05 v. control; ***P<0.001 v. control.   
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2.5 Discussion 
 
 
The Müller glial cells constitute the primary sources of cells responsible for repairing 
damaged neurons in adult zebrafish following injury in vivo (Wan et al., 2012, 
Lenkowski et al., 2013, Lenkowski and Raymond, 2014). These cells have also 
shown their ability to differentiate in vivo into retinal neurons in small mammals such 
as mice and rats upon intraocular injection of growth factors (Del Debbio et al., 2010, 
Osakada et al., 2007). Müller glia with stem cell characteristics have been also 
isolated from the adult human eye and can be induced to differentiate into retinal 
neurons in vitro by growth and differentiation factors (Singhal et al., 2012, Jayaram 
et al., 2014).  
 
Activation of the Notch signalling pathway occurs upon cleavage of the Notch NICD 
fragment, leading to activation of signalling cascades that promote proliferation and 
neural differentiation of Müller glial cells (Wan et al., 2012, Del Debbio et al., 2010). 
Here it was demonstrated that the Notch signalling pathway can be inhibited in 
hMSC using γ-secretase inhibitors RO4929097 or DAPT, which block the cleavage 
of NICD and subsequent Notch signalling mediated gene transcription. It was 
observed that various concentration of RO4929097 downregulation hMSC cell 
proliferation (Fig 2.13 and Fig 2.14). In this chapter, the Notch signalling mediated 
gene transcription of HES1 was inhibited in three different human Müller stem cell 
lines (MIO-M1, 6426 and 6387) (Fig 2.4 and Fig 2.5), but no effect was seen in the 
fourth cell line investigated (6391) (Fig 2.5). One of the factors for this variability 
observed in different hMSC lines may be ascribed to the genetic differences 
between different donors, resulting in variability in the Müller stem cells isolated from 
these individual human cadaveric eyes as judged by the differences in the time taken 
by different hMSC lines to become fully confluent. A study examining 60 cell lines 
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created from various tumour tissues showed that variation in gene expression 
pattern was linked to the differences in the tissue used to derive those cell lines 
(Ross et al., 2000). It is also possible that the different levels of interleukin proteins 
IL-6 and IL-8 found in various hMSC lines affected the inhibitory activity of 
RO4929097. It has been demonstrated in the literature that cell cultures showing 
high overexpression of these two interleukins prevented this γ-secretase inhibitor 
from inhibiting the Notch signalling pathway (He et al., 2011).  Agreeing with this 
study, the results showed that the hMSC line 6391 where HES1 mRNA expression 
was not modified by RO492097, expressed the highest protein levels of both IL-6 
and IL-8 amongst the other cell lines examined (Fig 2.6). In contrast, MIO-M1 cells 
where HES1 was downregulated by this γ-secretase inhibitor, levels of IL6 and IL8 
interleukin proteins were at similar level to that of normal retina (Fig 2.6).  
 
Examination of the effect of TGFβ1 on the Notch signalling pathway showed that 
this factor did not affect the expression of Notch signalling target gene HES1 in MIO-
M1 cells cultured in the presence of Notch inhibitor DAPT (Fig 2.7). In addition, 
TGFβ1 did not alter the mRNA expression of the RGC markers BRN3A or BRN3B 
in these hMSC cultured in the presence of the same Notch inhibitor, which is known 
to induce human Müller stem cell differentiation into the RGC fate (Singhal et al., 
2012) (Fig 2.7B and Fig 2.8). These present findings contrast with previously 
reported results in the chick in vitro and in vivo where an interaction between TGFβ 
signalling intracellular component SMAD3 and Notch signalling complex CSL or 
NICD leading to upregulation of HES1 mRNA expression was observed (Blokzijl et 
al., 2003).  Similarly, cross-talk between the Notch and TGF-beta signaling pathways 
has been demonstrated in Epithelial to Mesenchymal transition of cells from 
mammary gland and kidney tubules (Zavadil et al., 2001, Zavadil et al., 2004). 
Therefore, although TGFβ1 did not have any effect on Notch signalling targets HES1 
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and BRN3A/B in hMSC MIO-M1, it is possible that TGFβ1 may induce an effect on 
these Notch targets on other hMSC cell lines. This is supported by studies that 
showed that the TGFβ signalling pathway is important for regulation of zebrafish 
Müller glia derived differentiation (Lenkowski and Raymond, 2014) and similarly 
activation of Notch signalling is essential during this process (Wan et al., 2012).  
 
The effect of Notch inhibition on the components of the Wnt signalling pathway was 
next analysed in this chapter. Inhibition of Notch signalling by RO4929097 caused 
a downregulation of the Wnt signalling ligand WNT2B in two of the hMSC lines 
examined (MIO-M1 and 6387) (Fig 2.9 and Fig 2.10). However, RO4929097 did not 
induce any changes in other two cell lines (6426 and 6391) (Fig 2.10). Furthermore, 
Notch inhibition resulted in downregulation of the canonical Wnt signalling target 
genes such as WISP-1 and AXIN2 or DKK1 mRNA in the two examined hMSC lines. 
Therefore, these results suggest that there is an interaction between the Notch and 
Wnt signalling pathways in hMSC, and that Notch inhibition in these cells results in 
downregulation of the components of canonical Wnt signalling pathway.  The 
downregulation of canonical Wnt signalling has been previously shown in adult 
zebrafish Müller glia through the regulation of Insm1a, a downstream gene of Notch 
signalling. Activation of Notch signalling in this species results in upregulation of 
Insm1a, which promotes canonical Wnt signalling activation by inhibition of DKK1 
expression (Ramachandran et al., 2012). Conversely, inhibition of Notch signalling 
results in downregulation of this transcription factor resulting in canonical Wnt 
signalling inhibition (Ramachandran et al., 2012). Agreeing to this study, a significant 
downregulation of DKK1 mRNA expression was observed in the hMSC line 6387 
(Fig 2.11B), where HES1 was also found to be downregulated by RO4929097 
induced Notch inhibition (Fig 2.5). However, in the literature, there are also studies 
that suggest activation of Notch signalling inhibit canonical Wnt signalling. In stem 
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and colon cancer cells, it has been shown that Notch is able to downregulate Wnt 
signalling by binding to β-catenin and targeting it for degradation (Kwon et al., 2011). 
Furthermore, Notch signalling can also regulate Wnt signalling through modulation 
of the Wnt target genes histone status (Kim et al., 2012) and by forming a complex 
consisting of NICD/RBP-Jk and ng a complex consisting of u-catenin mediated 
transcription of Wnt target genes (Collu et al., 2014). Similarly, culture of hMSC with 
RO4929097 also caused a downregulation in the mRNA expression of non-
canonical Wnt signalling ligand WNT5B in MIO-M1 cells. However, no such change 
was observed in the cell line 6387 (Fig 2.12).  Although there was a decreased 
WNT5B expression by RO492907 in MIO-M1 cells, previous studies in the literature 
suggest that non-canonical signalling preferentially act in opposite to that of 
canonical Wnt signalling and inhibit canonical Wnt signalling by acting on β-catenin 
(Schubert, 2003). Taken together, based on the present results of this chapter the 
Notch inhibition can inhibit components of both canonical and non-canonical Wnt 
signalling pathways. This suggests that both these Wnt signalling pathways may 
potentially be important for hMSC RGC differentiation induced by Notch inhibition.  
 
In summary, the results presented in this chapter suggest that the downregulation 
of the Notch signalling pathway by γ-secretase inhibitor RO4929097 occurred in 
most human Müller stem cell lines. The variation observed between the different 
hMSC lines may possibly due to the identity of the donor tissue used for cell isolation 
(Ross et al., 2000) and may also be a result of different levels of the interleukin 
protein expressions of IL-6 or IL-8 in different hMSC lines, which are known to affect 
the activity of RO4929097 (He et al., 2011). In addition, TGFβ1 did not modify the 
Notch signalling targets HES1 and BRN3A/B during RGC differentiation in the 
examined hMSC line MIO-M1, but given the importance of both the Notch and TGFβ 
signalling pathways in zebrafish Müller glia mediated retinal regeneration, an 
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interaction between these pathways may be observed in other hMSC lines. 
Furthermore, the canonical Wnt signalling pathway ligand WNT2B and target gene 
WISP-1 were downregulated by Notch inhibition in hMSC cell lines (MIO-M1 and 
6387), and non-canonical Wnt ligand WNT5B downregulated in MIO-M1 cells.  
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Chapter 3: Effect of TGFβ on the expression of Wnt signalling 
components by human Müller stem cells 
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3.1 The TGFβ signalling pathway 
 
 
 
The TGFβ superfamily consist of large number of secreted growth factor proteins. 
Members of this family include TGFβ molecules (three isoforms: TGFβ1, TGFβ2 and 
TGFβ3), bone morphogenic proteins (BMPs), activin and inhibin, growth and 
differentiation factors (GDFs), Nodals, leftys and anti-Muellerian Hormone (AMH) 
(Massague, 1998, Derynck and Miyazono, 2008). All TGFβ molecules are secreted 
as a complex consisting of pro-domain linked to active TGFβ form. The pro-domain 
is further bound to latent The TGFβ binding protein, which is attached to extracellular 
matrix (Massague, 1998, Annes et al., 2003). Thus, cleavage by serine proteases in 
the extracellular matrix releases the active TGFβ ligand and combines with another 
active TGFβ ligand to form homodimer and become functional (Boettner et al., 
2000). 
 
The TGFβ signalling is mediated through three different types of receptors: type I 
(TGFβRI or Activin-like kinases (ALK)), type II (TGFβRII) and type III (TGFβRIII). 
There are seven different isoforms of type I receptor (ALK1-7) and four different for 
type II receptor (TGFβRII, BMPRII, ActRIIA/B) (Nickel et al., 2009). Whilst type I and 
type II receptors are involved in TGFβ signalling, type III helps binding of TGFβ2 
ligand to TGFβRII (Bierie and Moses, 2006). The TGFβ signalling via type I receptor 
is activated when TGFβ ligands bind to type II receptor kinase homodimer. This 
results in formation of a complex consisting of homodimers of type II and type I 
receptors along with the TGFβ ligand (Yamashita et al., 1994). During this process, 
GS-domain (rich in glycine and serine conserved domain) of type I receptor is trans-
phospholyrated by type II receptor kinase and activating the type I receptor kinase 
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(Huse et al., 2001, Dennler et al., 2002), which in turn activates the intracellular 
mediator proteins such as Smads in the cytoplasm (Fig 3.1).  
 
There are three types of Smad proteins: 1) receptor regulated or R-Smads; 2) 
Complex or Co-Smads and 3) Inhibitory or I-Smads (Dennler et al., 2002). R-Smads 
include Smad1, Smad2, Smad3, Smad5 and Smad8, and are activated by trans-
phosphorylated by type I receptor kinase (Souchelnytskyi et al., 1997). Of these, 
Smad 2 and 3 are by commonly activated by TGFβ, whilst the others are activated 
by BMP ligands (Feng and Derynck, 2005). This is followed by the binding of R-
Smads with Co-Smads 4 and formation of a complex which is translocated into the 
nucleus to transcription of TGFβ mediated target genes (Dennler et al., 2002). The 
I-smads (Smad6 and Smad7) regulate Smad function by inhibiting the function of 
both R-Smads and Co-Smads (Imamura et al., 1997, Nakao et al., 1997). In addition, 
TGFβ signalling is also mediated independent of Smad proteins. Some of the 
pathways activated are Ras/MAPK (Yu et al., 2002), JNK (Engel et al., 1999), 
Rho/ROCK (Bhowmick et al., 2001) and PI3K-Akt pathway (Yi et al., 2005) (Fig 3.2). 
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Figure 3.1 Smad dependent TGFβ signalling pathway. The homodimer of TGFβ ligands 
binds type II receptor, followed by formation of complex with type I receptor. The type II 
receptor kinase trans-phosphorylates the GS-domain (conserved Glycine and serine 
sequence) in type I, and activating it in the process. Likewise, in the cytoplasm the type I 
receptor kinase activates R-Smads (e.g. Smad2 and Smad3). The activated R-Smads bind 
with Co-Smads and translocate into nucleus for transcription of TGFβ mediated genes. R-
Smads and Co-Smads complex formation can be inhibited by I-Smads (Massague, 2000) 
From (Aigner and Bogdahn, 2008).  
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Figure 3.2 Smad independent TGFβ signalling pathway.  Ras/MAPK (Yu et al., 2002), 
JNK (Engel et al., 1999), Rho/ROCK (Bhowmick et al., 2001) and PI3K-Akt pathway (Yi et 
al., 2005) are activated by TGFβ signalling in a Smad independent way.  From (Aigner and 
Bogdahn, 2008) 
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3.2 Role of TGFβ signalling in stem cells 
 
 
 
The TGFβ signalling pathway is one of the most important regulators of cellular 
functions such as cell proliferation, differentiation, apoptosis, adhesion and 
interactions with the cellular microenvironments in various cell types including 
epithelial, endothelial and hematopoietic cells (Blobe et al., 2000). In addition, TGFβ 
has also been shown to be important for maintaining pluripotency of both human 
and mouse embryonic stem cells as TGFβ signalling has been shown to regulate 
the expression of Nanog, one of the master pluripotency controlling transcription 
factor. This regulation is mediated by directly binding of the TGFβ signalling 
transducing factors Smad2 or Smad3 proteins to the Nanog promoter region (Xu et 
al., 2008, Vallier et al., 2009), resulting in the transcription of Nanog.  It has been 
recently shown that TGFβ signalling occurs in both neural stem cells and progenitors 
found in the subgranular zone of the hippocampus, where adult neurogenesis 
occurs. When bone morphogenic protein (BMP), a protein of the TGFβ superfamily 
of ligands, was inhibited in the brain, neural stem cells initially proliferated but later 
this effect diminished (Mira et al., 2010). In addition, inhibition of TGFβ type II 
receptor gene has been shown to increase self-renewal of neural stem cells, 
resulting in an enlarged midbrain (Falk et al., 2008). In Hematopoietic stem cells 
(HSC) which give rise to all blood cell types found in the bone borrow, TGFβ 
signalling has been suggested to maintain HSC quiescence by limiting the activation 
of TGFβ signalling (Yamazaki et al., 2009). Furthermore, it has been hypothesized 
that activation of TGFβ signalling is triggered by contact of quiescent HSC with non-
myelinating Schwann cells, resulting in the activation of these quiescent cells when 
required (Yamazaki et al., 2011).  
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 Proliferation of intestinal stem cells is negatively regulated by BMP signalling in the 
crypts. It has been suggested that by acting in a paracrine manner, BMP signalling 
acts on the non-proliferating epithelial cells and stem cells. This is supported by 
findings that the intravillus mesenchyme highly expresses BMP-4 protein, whilst the 
BMP activated Smads are found in differentiated intestinal stem cells (He et al., 
2004).  Similarly, BMP signalling is involved in the maintenance of the quiescent 
state of the hair follicle stem cells. This was demonstrated by observations that 
removal of the Bmpr1a gene from the postnatal skin epithelium, resulted in the 
proliferation of the quiescent hair follicle stem cells and lead to the production of 
tumor like cells which failed to generate hair. This contrasted with the findings that 
activation of Bmpr1a resulted in early hair follicle differentiation. (Kobielak et al., 
2007).  These reports suggested that BMP signalling controls hair follicle stem cells 
and that a balance in BMP expression is required to maintain its quiescent and 
activated states.  
 
Although TGFβ has been shown to promote and maintain various stem cells, during 
injury this factor is highly released (Hoerster et al., 2014). Moreover, TGFβ is known 
to promote gliosis and inhibit proliferation of different cell types in the central nervous 
system in vertebrates (Bringmann et al., 2009, Robel et al., 2011) including Müller 
glia in the retina (Close et al., 2005, Lenkowski et al., 2013). That TGFβ plays a role 
in retinal gliosis has been further supported by findings that administration of the 
TGFβ signalling inhibitor decorin prior to surgery in an experimental PVR rabbit 
model decreased the glial scarring (Nassar et al., 2011).  
 
In the adult zebrafish, TGFβ signaling mediated through Smad 2/3, which is 
controlled by transcriptional co-repressors such as tgif1 and six3b, has also been 
demonstrated to regulate Müller glia derived photoreceptor regeneration in the adult 
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zebrafish (Lenkowski et al., 2013). Microarray data has also shown that TGFβ 
signalling is initially upregulated after acute light lesions, which is followed by its 
downregulation in the zebrafish (Qin et al., 2009). In the same study it was observed 
that the co-repressors tgif1 and six3b stayed at high levels whilst tgfβi and its 
receptor were decreased (Qin et al., 2009). These observations further show that 
TGFβ signalling also plays a critical role in Müller glial cell functions during retinal 
damage and subsequent retinal regeneration.  
 
 
3.2 Role of Wnt signalling in neural progenitor proliferation and 
differentiation 
 
 
 
The Wnt signalling (primarily canonical) has been demonstrated to be important for 
the regulation of various tissue stem cells. These include stem cells found in the 
intestine (crypt-villus), epidermis (hair follicle) and haematopoietic systems (HSC) 
(Reya and Clevers, 2005).  For example, stem cells (Lgr5+) are found in the crypts 
of the intestine. As the intestine undergoes mechanical and chemical stress, these 
stem cells enables the intestine to maintain their cellular homeostasis by self 
renewing every 4-5 days (Gerbe et al., 2011). In this process, stem cells differentiate 
and replace the cells that have been lost at the tip of the villus by migrating along 
crypt-villus axis (Roth et al., 1991). The cell fate of these intestinal stem cells has 
been shown to be regulated by canonical Wnt signalling as nuclear β-catenin is 
observed throughout the crypts. This is supported by studies in the neonatal mice 
with mutation in T-cell factor, a downstream effector of the canonical Wnt signalling 
which forms a nuclear complex with β-catenin for transcription of Wnt target genes, 
resulting in the absence of crypt progenitor compartment. This demonstrated the 
importance of Wnt signalling for the maintenance of crypt progenitor cells (Korinek 
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et al., 1998). Furthermore, inhibition of canonical Wnt signalling by using Dickkopf-
1 (DKK1), a naturally occurring canonical Wnt signalling inhibitor, resulted in loss of 
crypts in adult mice (Kuhnert et al., 2004).  
 
Another example of the role of Wnt signalling regulating stem cells is that observed 
with multipotent epidermal stem cells found in the bulge region of hair follicles that 
gives rise to hair. In these cells, β-catenin expression promotes de novo hair growth 
(Gat et al., 1998, Vangenderen et al., 1994) and mutations in Lef1, a nuclear protein 
that is required for Wnt transcription, result in loss of hair formation (Vangenderen 
et al., 1994). Interestingly, conditional β-catenin deletion leads to complete hair loss 
after hair follicle formation (Huelsken et al., 2001). In addition, Wnt signalling 
maintains expression of the nuclear protein TCF3, which is required for Wnt 
mediated transcription and is specifically found in bulge region stem cells This 
promotes the bulge stem cells characteristics and prevents differentiation towards 
keratinocytes (DasGupta and Fuchs, 1999).  
 
Several studies suggest a role for Wnt signalling in the maintenance and self-
renewal of HSCs which are present in adult bone marrow. In vitro murine 
haematopoietic progenitors, Wnt proteins have been shown to promote proliferation 
while inhibiting their differentiation (Austin et al., 1997). Furthermore, in vitro 
expression of β-catenin and Wnt3A, which are components of the canonical Wnt 
signalling pathway, has been demonstrated to rescue the haematopoietic system in 
lethally irradiated mice in vivo (Willert et al., 2003). Human haematopoietic 
progenitor proliferation is promoted by treatment with Wnt5A, a component of the 
non-canonical Wnt signalling pathway, in the presence of stromal cell contact in vitro 
(Van den Berg et al., 1998). In addition, Wnt5A treatment in Non-obese 
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Diabetic/Severe Combined Immunodeﬁciency (NOD/SCID) model results in human 
HSC re-population in mice (Murdoch et al., 2003).  
 
In neural stem and progenitor cells of mice, conditional deletion of β-catenin results 
in the decreased expansion of the brain and spinal cord cells. Conversely, 
conditional activation of β-catenin in mice results in increased expansion of the cells 
from the same areas, suggesting that Wnt signalling is important for controlling 
neural stem and progenitor growth and differentiation (Zechner et al., 2003). 
Furthermore, treatment of mouse embryonic stem cells with the Glycogen synthase 
kinase 3 (GSK3) inhibitor promotes in the maintenance of pluripotency in vitro (Sato 
et al., 2004), and Adenomatous polyposis coli (APC) mutations in mouse embryonic 
stem cells results in increased inhibition of differentiation in vivo/vitro (Kielman et al., 
2003).  
 
In the retina, Wnt signalling is very important for various developmental processes 
such as establishing the eye formation from the anterior neural plate, promoting 
retinal stem cell progenitor maintenance and neuronal differentiation, as well as 
retinal vasculogenesis and development of lens and cornea (Lad et al., 2009). 
During the first stages of eye development in Xenopus, expression of the Wnt 
receptor Frizzled-3 (Fz3) changes from ubiquitous to restricted at the anterior neural 
plate to give rise to the early eye field (Shi et al., 1998) . Interestingly, Fz3 
overexpression results in ectopic eye expression whereas, inhibition of Fz3 results 
in loss of eye development (Rasmussen et al., 2001). Whilst Fz4 and Fz5 expression 
is found in the chick distal optic vesicles (stage 10) and gives rise to the neural retina 
in this species (Fuhrmann et al., 2003), Wnt2b/ Wnt 13 are found in the ciliary 
marginal zone (CMZ) and the retinal pigment epithelium (RPE) of mice (Liu et al., 
2003).  
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Wnt signalling molecules have been observed in the peripheral part of the retina in 
species such as zebrafish (Yamaguchi et al., 2005) and chicken embryo (Cho and 
Cepko, 2006). Wnt2b is expressed in the anterior rim of optic vesicles and its 
overexpression by ovo electroporation has demonstrated to inhibit differentiation of 
retinal progenitor cells in chick in vivo. By contrast, Wnt2b inhibition in the same 
species using dominant-negative form of LEF1, a nuclear protein required for Wnt 
mediated transcription, caused premature differentiation of peripheral retina into 
retinal ganglion cells in vivo (Kubo et al., 2003). In addition, Wnt2b maintains CMZ 
retinal stem cells in proliferative and undifferentiated state in vitro; expression of 
Wnt2b also keeps central retinal progenitor cells, which normally differentiates, in 
proliferative state (Kubo et al., 2005).   
 
3.2.1 Effect of Wnt signalling on Müller glia and progenicity 
 
Wnt signalling, in particular canonical Wnt signalling has been demonstrated to 
promote Müller glia derived progenitors in zebrafish. β-catenin accumulation has 
been shown to increase following retinal injury compared to non-injured retina in this 
species, suggesting that the canonical Wnt signalling is important for Müller derived 
progenitor proliferation (Ramachandran et al., 2011). Recent studies from the same 
group have shown that retinal injury in the zebrafish induces HBEGF expression 
which in turn increases Ascl1a, and activates Wnt signalling, resulting in Müller 
derived progenitor proliferation (Wan et al., 2012).  Wnt signalling has also been 
demonstrated to have a similar role in the mammalian retina.  Following activation 
of the canonical Wnt signalling by addition of Wnt3a or GSK-3β inhibitors, it has 
been observed that Wnt signalling promotes Müller derived progenitor proliferation 
 96 
in rodents in vivo. On the contrary, it has been shown that blocking Wnt signalling 
by DKK-1 treatment, prevents Müller derived progenitor proliferation (Osakada et 
al., 2007). In vitro, the addition of Wnt2b results in promotion of neurosphere 
formation from Müller glial cells isolated from mice. By contrast, culture of the Müller 
glial cells in the presence of the Wnt antagonist, Fzd-CRD prevented neurosphere 
formation in these cells (Das et al., 2006). In the zebrafish, Wnt signalling is 
important for successful retinal regeneration by Müller glial cells in both larval 
(Meyers et al., 2012) and adult stages (Ramachandran et al., 2011). Furthermore, 
increased Wnt signalling in transgenic mice following laser injury of the retina, leads 
to Müller glia proliferation and differentiation into rhodopsin positive neural cells (Liu 
et al., 2013), whilst activation of Wnt and Notch signalling also causes differentiation 
of mice Müller cells into retinal cells expressing opsin (Del Debbio et al., 2010) 
 
3.2.2 Crosstalk between Wnt and TGFβ  signalling pathways 
 
The Wnt and TGFβ signalling pathways are important regulatory elements known to 
control proliferation and differentiation of progenitor cells in different species 
including the zebrafish. Both pathways have been shown to interact throughout life. 
Furthermore, TGFβ and Wnt can reciprocally regulate their ligand production to 
establish extracellular gradient of these molecules. This is illustrated by observations 
that in chick embryos, in order to create left-right body axis, Wnt-8c induces the 
expression of Nodal in a β-catenin dependent manner (Rodriguez-Esteban et al., 
2001). Similarly, in Xenopus, the patterning of the mesoderm occurs as a result of 
the control of Wnt-8 expression by BMP-2/-4 and the co-operation of both these 
ligands. In the colon crypts, where intestinal stem cells reside, it has been shown 
that Wnt activation can inhibit BMP signalling by promoting the expression of a 
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number of BMP antagonists (Kosinski et al., 2007). Furthermore, expression of the 
connective tissue growth factor (CTGF) is regulated by both TGFβ and Wnt 
signalling. However, CTGF can directly interact with ligands such as BMP-4 and 
TGFβ1 to prevent the binding of BMP-4, whilst promoting binding of TGFβ1 to its 
receptor (Abreu et al., 2002). Furthermore, production of CTGF also inhibits the BMP 
mediated osteoplastic differentiation of mesenchymal stem cells (Luo et al., 2004).  
 
Crosstalk between Wnt and TGFβ signaling pathways also occurs in the nucleus, 
where the Smad/ β-catenin/ Lef protein complex can regulate shared target genes.  
In the Xenopus, during the regulation of the Spemann’s organizer, an embryonic 
signalling center that controls the movement and fate of neighbouring cells (Niehrs, 
2004), the organizer gene Xtwn is regulated synergistically through the formation of 
a complex between these three proteins (Labbe et al., 2000). In the absence of 
activation of any of these two pathways, reduced expression of Xtwn is observed 
(Nishita et al., 2000b). Furthermore, genes such as Emx2 and Msx2 which are 
important for neural development during embryonesis in mice, are shown to be 
upregulated co-operatively by Wnt and BMP signalling (Theil et al., 2002, Hussein 
et al., 2003).  The interaction between these two pathways has been shown to occur 
in the cytoplasm. This is supported by findings that BMP inhibits Wnt induced β-actin 
translocation and cell proliferation in mouse mesenchymal cells as a result of Smad1 
interaction with Dvl-1 in the cytosol (Liu et al., 2006). In addition, Axin also interacts 
with Smad proteins in the cytosol and can assist TGFβ signalling by presenting 
Smad3 to type I TGFβ receptor in COS7 cells (Furuhashi et al., 2002) 
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 3.3 Objectives 
 
 
The effects of TGFβ on Wnt signalling have been shown in different types of cells, 
including Müller glia, in species such as zebrafish and mice. However, there have 
not been reports in the literature on the effect of TGFβ on the expression of Wnt 
signalling components in human Müller glia cells. Given the significant roles that 
TGFβ and Wnt signalling play in retinal cell proliferation and differentiation in the 
zebrafish following retinal injuries, this study aimed to investigate whether there is 
any interaction between the components of these two important pathways during 
proliferation and neural differentiation of human Müller stem cells in vitro. 
 
On this basis, the chapter aims were as follows: 
 
1. To investigate the role of TGFβ1 on the components of the Wnt signalling 
pathway in human Müller stem cells. 
2. To investigate the effect of exogenous TGFβ1 on proliferation and apoptosis 
of the human Müller stem cells. 
3. To investigate the effect of TGFβ inhibitor on the expression of Wnt signalling 
components by human Müller stem cells. 
 
 
 
To achieve these objectives, the following experiments were conducted: 
 
1. Components of the Wnt signalling pathway were identified by performing RT-
PCR on normal human Müller cells. 
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2. Human Müller stem cells were cultured with various concentration of TGFβ1 
to identify the optimum concentration for further experiments. 
3. After identifying the optimum concentration of TGFβ1 (50 ng/ml) the 
expression of Wnt signalling components were compared with methods such 
as RT-PCR, Western blot and Elisa methods. 
4. The effect of TGFβ on cell proliferation was analysed by Hexosaminidase 
assay whilst the effect on cell apoptosis was analysed by Caspase-3/7 assay 
5. The TGFβ inhibitors SB421542 and SP600125 which target ALK5 receptor 
and JNK respectively were used to study the effect of TGFβ inhibition on Wnt 
signalling components.  
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3.4 Results 
 
3.4.1 Effect of TGFβ1 on the expression of components of the 
canonical and non-canonical Wnt signalling pathway by hMSC.  
Examination of various Wnt pathway components in the human Müller glial cell line 
MIO-M1 using RT-PCR analysis showed that these cells express mRNA coding for 
WNT2B, WNT3A, WNT5B, WNT11, FZD1, FZD4, FZD7 and β-catenin. Transcripts 
for WNT8B and FZD5 were not detected despite the use of three different primers 
and variations in assay parameters in this cell line (Fig 3.3A). Three different hMSC 
cells lines named, MIO-M8, MIO-M7 and MIO-M1, when cultured with various 
concentrations of TGFβ1 for 7 days showed that mRNA expression coding for the 
WNT2B ligand consistently decreased in a dose response manner (Fig 3.3B). As 
compared with the controls, concentrations as low as 0.1 ng/ml reached significant 
differences in all the three cell lines. Increasing log10 concentrations between 1 and 
100 ng/ml of TGFβ1 induced a further decrease (p<0.001 for all the cell lines 
examined) in the expression of this gene, without showing significant differences 
amongst them (Fig 3.3B). Corresponding to that seen with mRNA expression, 
western blot analysis of MIO-M1 cells cultured with 50 ng/ml of TGFβ1 showed a 
significant decrease (p<0.05) in intracellular WNT2B protein levels as compared with 
cells cultured in medium alone. Interestingly, the levels of WN2B ligand present in 
culture supernatants, as determined by ELISA methods, were minimally detected in 
both control and TGFβ1 treated cells (below 1pg/ml) and there were no differences 
between the two conditions (Fig 3.4). In addition, this could may be due to lower 
sensitivity of the ELISA kit for detecting this ligand at low starting material conditions 
as well as some technical difficulties while performing the experiment.  
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In contrast to the downregulation of WNT2B mRNA caused by TGFβ1 in hMSC, 
mRNA expression of the WNT5B ligand was consistently increased by TGFβ1 in a 
dose response manner (Fig 3.5). Although concentrations of 0.1 ng/ml of TGFβ1 did 
not cause significant changes in gene expression, increasing log10 concentrations 
ranging between 1 and 100 ng/ml of TGFβ1 induced a significant increase in the 
expression of WNT5B mRNA (p<0.05 for MIO-M8; p<0.001 for MIO-M7 and MIO-
M1) (Fig 3.5). In agreement with the mRNA findings, culture of hMSC with TGFβ1 
caused a significant increase (p<0.05) in the intracellular levels of WNT5B protein 
as compared with cells cultured in medium alone (Fig 3.6). Similarly to that seen 
with the levels of secreted WNT2B in the culture supernatant, secreted WNT5B 
protein was minimally detected by ELISA methods in both control and TGFβ1 treated 
cells and there were no difference between the two conditions (Fig. 3.6).  
Examination of the ratio of phosphorylated β-catenin over β-catenin protein 
expression showed that the levels of phosphorylated β-catenin (which indicates that 
β-catenin is targeted for degradation) were increased by TGFβ1 in hMSC (p<0.05) 
(Fig 3.7A). Furthermore, TGFβ1 caused a significant decrease in the expression of 
mRNA coding for the canonical Wnt signalling target DKK1 (p< 0.001) and secreted 
DKK1 protein (p<0.05) compared to cells cultured with medium alone (Fig 3.7B). To 
test the effect of the WNT2B and WNT5B ligands on Wnt signalling in these cells, 
hMSC were cultured in the presence or absence of these two ligands. It was 
observed that recombinant WNT2B (100 ng/ml) significantly increased the levels of 
DKK1 mRNA (p<0.05) (Fig 3.8A), whilst recombinant WNT5B (500 ng/ml) markedly 
decreased the mRNA levels of this target gene in hMSC (p<0.05) (Fig 3.8B).  
These findings indicate that different adult hMSC lines express various components 
of the Wnt signalling pathway and that TGFβ1 downregulates the canonical Wnt 
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signalling ligand WNT2B as well as the active form of β-catenin, which are important 
for canonical Wnt signalling. Furthermore, upregulation of the non-canonical Wnt 
ligand WNT5B by TGFβ1 may indicate the potential of this factor to inhibit the 
canonical Wnt signalling pathway. 
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Figure 3.3 Expression of mRNA coding for molecules of the Wnt signalling pathway 
in hMSC and modulation of WNT2B expression by TGFβ1 (A) hMSC express mRNA 
coding for various components of the canonical and non-canonical Wnt signalling pathway. 
(B) TGFβ1 downregulation of the expression of mRNA coding for WNT2B occurred in a dose 
response manner in three different hMSC lines (MIO-M8, MIO-M7 and MIO-M1) after 7 days 
culture with concentrations of this factor ranging between 0.1 and 100 ng/ml. Histograms 
represent the mean + SEM of the optical density of gel bands normalized to β-actin. 
Representative bands are shown below histograms; n=3-4. Anova test, *p<0.05; **p<0.01; 
***p<0.001.  
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Figure 3.4 Expression of intracellular and secreted WNT2B protein expression by 
TGFβ1. A significant decrease in the expression of WNT2B protein was observed by western 
blot analysis of lysates from cells cultured with 50 ng/ml of TGFβ1. Histograms represent the 
mean + SEM of the optical density of gel bands normalized to β-actin. Representative bands 
are shown above histograms; n=3. Student’s t-test; *p<0.05. Minimally detectable levels of 
secreted WNT2B examined by ELISA methods were observed in supernatants of cells 
cultured in the presence or absence of TGFβ1, and no differences between the two 
conditions were observed; n=3. Student’s t-test, ns= No significant.  
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Figure 3.5 TGFβ1 modulation on the mRNA expressions of WNT5B in hMSC. TGFβ1 
induced upregulation of the expression of mRNA coding for WNT5B occurred in a dose 
response manner in three different hMSC lines examined (MIO-M7, MIO-M8 and MIO-M1). 
Histograms represent the mean + SEM of the optical density of gel bands normalized to β-
actin. Representative bands are shown below histograms; n=4. Anova test, *p<0.05; 
**p<0.01; ***p<0.001. 
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Figure 3.6 TGFβ1 modulation on the intracellular and secreted proteins of WNT5B in 
hMSC. TGFβ1 (50 ng/ml) induced upregulation of the expression of mRNA coding for 
WNT5B, whilst no changes was observed for the secreted protein. Histograms represent the 
mean + SEM of the optical density of gel bands normalized to β-actin. Representative bands 
are shown below histograms; n=4. Anova test, *p<0.05. 
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Figure 3.7 Modulation of pβ-catenin and DKK1 protein expressions by TGFβ1 (A). 
Western blot analysis revealed that culture of hMSC with 50 ng/ml of TGFβ1 induced a 
significant upregulation of the ratio of phospho-β-catenin/β-catenin. Histograms represent 
the mean + SEM of the optical density of gel bands normalized to β-actin. Representative 
bands are shown above histograms; n=5.  Student’s t-test, *p<0.05.  pβ-catenin=phospho-
β-catenin. (B) TGFβ1 caused a significant decrease in DKK1 mRNA expression in hMSC as 
revealed by RT-PCR analysis. Histograms represent the mean + SEM of the optical density 
of gel bands normalized to β-actin. Representative bands are shown above histograms; n=8. 
Student’s t-test; ***p<0.001.  Secreted DKK1 protein levels as determined by ELISA methods 
were significantly decreased in culture supernatants of cells treated with 50 ng/ml of TGFβ1 
as compared to controls; n=4. Student’s t-test; *p<0.05.  
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Figure 3.8 Effect of exogenous WNT2B and WNT5B ligands on DKK1 mRNA 
expression. A) Exogenous addition of recombinant WNT2B (100 ng/ml) into the culture 
medium induced a significant upregulation of DKK1 mRNA in hMSC; n=4. Student’s t-test, 
*p<0.05.  B) Addition of recombinant WNT5B (500 ng/ml) to cells in culture caused a 
significant down regulation of DKK1 mRNA expression; n=4. Student’s t-test, *p<0.05.   
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3.4.2 The effect two different TGFβ inhibitors on the expression of Wnt 
ligands by hMSC 
To assess whether inhibition of TGFβ signalling may modify the effect of this factor 
on expression of WNT2B and WNT5B, components of the TGFβ signalling pathway 
were inhibited using the type I receptor (ALK5) inhibitor SB431542 and the JNK 
inhibitor SP600125. As previously observed, Fig 2.6 shows that TGFβ1 alone 
caused a significant decrease in the expression of the WNT2B mRNA as compared 
with control cells (p<0.01). However, addition of SB431542 markedly inhibited this 
effect (p<0.05) (Fig 3.9). Unlike that seen with the ALK5 inhibitor, addition of the JNK 
inhibitor SP600125 did not cause any effect on the downregulation of WNT2B mRNA 
by TGFβ1 (Fig 3.9). This suggests that downregulation of the Wnt signalling ligand 
WNT2B by TGFβ1 is caused by activation of the SMAD2/3 signalling cascade. 
Similarly, the increase in WNT5B expression induced by TGFβ1 alone (p<0.01) was 
inhibited by addition of SB431542 (p<0.01) (Fig 3.10). This contrasts with the lack 
of inhibitory effect by JNK (SP600125) inhibitors (Fig 3.10). These observations 
suggest that the TGFβ1 induced upregulation of WNT5B expression in hMSC is also 
dependent of SMAD2/3 signalling but independent of JNK transcription signalling. 
Taken together, these results suggest that TGFβ1 may regulate hMSC 
photoreceptor differentiation by modifying the ligands WNT2B and WNT5B of the 
Wnt signalling pathway.   
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Figure 3.9 Effect of TGFβ1 inhibitors on the expression of the Wnt signalling ligands 
WNT2B and by hMSCs. Addition of the TGFβ type I receptor (ALK5) inhibitor SB431542 
(10 µM) to cells cultured with TGFβ1 antagonized the inhibitory effects of this factor on 
WNT2B mRNA expression; n=5. ANOVA test; *p<0.05; **p<0.01. In contrast, addition of the 
JNK inhibitor SP600125 (20µM) to cells cultured in the presence of TGFβ1 did not modify 
the effect of this factor on WNT2B gene expression. Histograms represent the mean + SEM 
from UV spectrophotometer readings of gel bands Representative bands are shown above 
histograms; n=3. ANOVA test, **p<0.01; ns = No significant.  
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Figure 3.10 Effect of TGFβ1 inhibitors on the expression of the Wnt signalling ligand 
WNT5B by hMSC. ALK5 inhibitor SB431542 antagonized the upregulation of WNT5B mRNA 
by TGFβ1; n=3. ANOVA test; *p<0.05; **p<0.01, whilst the JNK inhibitor SP600125 did not 
modify the effects of this factor on the expression of this ligand gene; n=4. ANOVA test, 
**p<0.01; ns = No significant.  
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3.4.3 Effect of TGFβ1 on cell proliferation and apoptosis in MIO-M1 
cells 
 
Hexosaminidase examination of the effect of TGFβ1 on cell proliferation of MIO-M1 
cells upon 7 days in culture showed a decrease in cell number with increasing 
concentrations of TGFβ1 used.  Accordingly, there were no changes in cell number 
at concentrations 0.01 ng/ml and 0.1 ng/ml, but a dose response decrease in 
number of MIO-M1 cells was observed with increasing log10 concentrations of 
RO4929097 (p<0.05) from concentrations (1-100 ng/ml) as compared to control 
cells cultured with medium alone (Fig 3.11).  The effect of TGFβ1 on cell apoptosis 
was determined using Caspase assay by comparing caspase 3/7 at different 
conditions. At the highest concentration of TGFβ (100 ng/ml), the proportion of cells 
showing apoptosis was similar to control cells cultured with medium alone. Thus, 
suggesting that TGFβ1 downregulate cell proliferation without promoting apoptosis 
(Fig 3.12).  
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Figure 3.11 Inhibition of the proliferation of hMSC by TGFβ1. To examine whether 
TGFβ1 affects the cell growth and viability of hMSCs, we performed a hexosaminidiase 
assay in cells cultured with various concentrations of TGFβ1 for 7 days. Concentrations lower 
than 0.1 ng/ml of TGFβ1 did not modify the levels of intracellular hexosaminidase as 
compared with cells cultured in the absence of this factor. However, concentrations of TGFβ1 
ranging from 1-100 ng/ml caused a dose dependent decrease in hexosaminidase levels, 
indicating a decrease in the number of cells.  
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Figure 3.12 Effect of TGFβ1 on cell Apoptosis. Caspase-Glo® 3/7 assay performed after 
7 days culture in the presence of 100 ng/ml of TGFβ1 showed that compared with the 
controls, TGFβ1 did not cause cell death. These observations suggest that TGFβ1 inhibits 
proliferation of hMSC but does not induce apoptosis at the highest concentration used 
(100ng/ml) to culture the cells; n=6. 
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3.5 Discussion 
 
 
Spontaneous retina regeneration in the zebrafish is mediated by Müller glial cells 
(Lenkowski et al., 2013, Ramachandran et al., 2010). In small vertebrates, Müller 
glial cells have also demonstrated this regenerative ability in early postnatal life at a 
limited level (Osakada et al., 2007, Fischer and Bongini, 2010).  Despite the  isolation 
of a population of Müller glia from the adult human retina that show stem cell 
characteristics (hMSC) in vitro (Lawrence et al., 2007), no studies indicating  the 
endogenous regenerative ability of these cells in vivo has been reported yet.  
In the literature, there are evidences on the importance of TGFβ and Wnt signalling 
in the regulation of zebrafish Müller glia mediated differentiation in the retina 
(Lenkowski et al., 2013, Meyers et al., 2012), as well as in the rodent retina (Close 
et al., 2005). In addition, these pathways are also involved in the eye patterning 
during embryonic development (Hagglund et al., 2013, Grocott et al., 2011).  
Nevertheless, the effect of TGFβ on the Wnt signalling pathway in human Müller 
glial cells has not been examined.  
 
The present results from this chapter showed that TGFβ1 act as an anti-proliferative 
factor similar agreeing to reports in various studies (Massague, 2012) without 
inducing cell apoptosis in the human Müller stem cells (Fig 3.11 and 3.12). TGFβ1 
also caused in vitro downregulation of the canonical Wnt signalling pathway in 
hMSC. This was demonstrated by a decrease in the expression of WNT2B, DKK1 
and active β-catenin in cells cultured with this factor (Fig 3.3, Fig 3.4 and Fig 3.7). 
The crosstalk between the TGFβ and Wnt signalling pathway has been 
demonstrated to occur in various ways in different species. For example, in the 
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chick, it has been shown that they can regulate each other’s ligand expression 
during embryonic development (Rodriguez-Esteban et al., 2001). Additionally, the 
interaction has been shown to occur through formation of a complex for transcription 
of target genes between TGFβ intracellular Smad proteins and Canonical Wnt 
component β-catenin/Lef in nucleus of Xenopus (Nishita et al., 2000) and also 
through interaction of their cytoplasmic components (Han et al., 2006). By interaction 
of Smad1 with Dishevelled-1 protein, the downregulation of canonical Wnt signalling 
has been reported in bone marrow stromal cells (Liu et al., 2006). Furthermore, the 
inhibitory Smad7 has been shown to downregulate canonical Wnt signalling by 
binding to  β-catenin and targeting it for degradation in epidermal stem cells (Han et 
al., 2006).  
In contrast, TGFβ1 upregulated the mRNA and intracellular protein expression of 
the non-canonical Wnt ligand WNT5B in hMSC cultures.  In the literature, it has been 
documented that overexpression of Wnt5b in zebrafish causes downregulation of 
the canonical Wnt target Axin2, with consequent inhibition of tail fin regeneration 
(Stoick-Cooper et al., 2007). Agreeing to this study, it was found that culture of 
hMSCs with recombinant WNT5B downregulated the mRNA expression of 
canonical Wnt signalling target DKK1 (Fig 3.8B). This gene was upregulated in 
hMSC culture containing recombinant WNT2B, a canonical Wnt ligand (Schubert, 
2003) (Fig 3.8A). Furthermore, loss of Wnt5a or TGFβ (which shares 80% protein 
sequence with human WNT5B (http://www.omim.org/entry/606361) in mouse 
mammary cells, results in increased Wnt/β-catenin activity (Roarty et al., 2009).  
Therefore, it is possible that TGFβ signalling may upregulate the non-canonical 
WNT5B ligand to suppress canonical Wnt signalling pathway as an alternative 
method.  
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Regulation of intracellular functions by TGFβ may upregulate the non-canonical 
WNT5B ligand to suppress canonical Wnt signalling pathway, as well as SMAD 
independent pathways such as those involving JNK and p38 activation (Derynck 
and Zhang, 2003). It was observed that SB431542, an inhibitor of type I receptor 
(ALK5) which selectively blocks the SMAD2/3 dependent pathway (Inman et al., 
2002), antagonized the effect of this factor on the downregulation of WNT2B (Fig 
3.9) in the examined hMSC cultures.  Similarly, upregulation of WNT5B was 
antagonized by the ALK5 receptor inhibitor SB431542 (Fig 3.10). This contrasted 
with the lack of effect of the JNK inhibitor on the modulation of both ligands by 
TGFβ1.  Taken together, these results suggest that modulation of the expression of 
WNT2B and WNT5B by TGFβ1 is dependent on Smad signalling.  
In conclusion, the results presented in this chapter suggest that there is a crosstalk 
between TGFβ and Wnt signalling pathways in human Müller stem cells. TGFβ 
signalling induced by TGFβ1 in human Müller stem cells downregulated the 
components of canonical Wnt signalling pathway (WNT2B, DKK1 and active β-
catenin, whilst it upregulated the non-canonical WNT ligand WNT5B in these cells. 
Furthermore, inhibition of TGFβ receptor type I by pharmacological inhibitor 
SB431412 prevented the effect on these Wnt ligands induced by TGFβ1. Therefore, 
TGFβ signalling mediated through Smad proteins may play an important role in 
regulating the Wnt signalling pathway in human Müller stem cells. 
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Chapter 4: The role of Wnt Signalling on the photoreceptor 
differentiation of human Müller glial stem cells  
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4.1 Differentiation of Müller stem cells into photoreceptors  
 
 
Photoreceptors are specialized neurons in the retina that are tasked with detecting 
the light that enters the eye and converts these signals into electrical impulses that 
cascade into other neurons for transmission to the brain. They are located in the 
outmost layer of the retina and their structure is made up of an outer segment 
consisting of photoreceptor pigments such as opsins, a connecting cilium, nucleus, 
axon and synaptic terminal (Swaroop et al., 1999).  There are two types of 
photoreceptors, known as rods and cones. Rod photoreceptors facilitate vision in 
low light conditions using the highly light-sensitive photopigment rhodopsin. In 
contrast, cone photoreceptors, which exists as various subtypes, each containing 
one or more opsins, assists in colour vision during normal light conditions (Brzezinski 
and Reh, 2015).  
 
Müller glial stem cells are the primary sources of stem cells in lower vertebrates such 
as the zebrafish, that are responsible for the endogenous regeneration of damaged 
retinal cells after injury (Lenkowski and Raymond, 2014). In particular, it has been 
shown that during development Müller glial stem cells are responsible for the 
generation of rod progenitors in vivo (Raymond and Rivlin, 1987), and subsequent 
rod photoreceptors which accounts for almost all of the rod photoreceptors formation 
(Bernardos et al., 2007). In addition, using transgenic fish with complete or partially 
ablated rod photoreceptors, it was shown that Müller glia could endogenously repair 
the loss of rod photoreceptors. In this model it was found that Müller glial stem cells 
preferentially repair the retina when there is a complete loss of rod photoreceptors 
as compared to partial loss of rod photoreceptors (Montgomery et al., 2010).  
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In mammals such as rats, the differentiation of Müller glial stem cells into rod 
photoreceptors has been demonstrated in a neurotoxicity model induced by 
intravitreal injection of NMDA N-methyl-D-aspartate (NMDA). Under these 
conditions, it was found that Müller glial stem cells proliferated and expressed the 
rod photoreceptor markers rhodopsin and recoverin (Ooto et al., 2004). 
Furthermore, Del debbio et al., demonstrated in mice that by activating the Notch 
and Wnt signalling pathways, a subset of Müller cells undergoes proliferation and 
differentiation into rod photoreceptor lineages (Del Debbio et al., 2010). However, 
the percentage of rod photoreceptors generated in these mammalian species is very 
low compared to the number of cells generated in the zebrafish. This is potentially 
because Müller glial stem cells in the zebrafish are able to re-enter the cell cycle 
more readily than their mammalian counterparts, resulting in proliferating cell 
clusters (Raymond et al., 2006). In addition, in zebrafish, most Müller glia progeny 
are able to generate new retinal neurons (Hayes et al., 2007) as compared to only 
a sub population of mammalian Müller glia (Osakada et al., 2007).  
 
Human Müller glia with stem cell characteristics have also been shown to 
differentiate into photoreceptors in vitro (Jayaram et al., 2014). Jayaram et al., 
demonstrated that the human Müller glial stem cell line MIO-M1 can be differentiated 
into photoreceptors in culture by the addition of FGF2, taurine, retinoic acid and 
Insulin-like growth factor 1 (FTRI). This was highlighted through the expression of 
photoreceptor markers such as NR2E3, recoverin and rhodopsin by these cells 
(Jayaram et al., 2014). In the same study, it was shown that upon transplantation 
into the P23H rat, a model of primary photoreceptor degeneration, these 
photoreceptor differentiated cells with neural-like projections migrated and 
integrated into the outer nuclear layer where normally the rod photoreceptors are 
located. Furthermore, photoreceptor functionality following transplantation was 
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investigated using electroretinography at 3 weeks. It was observed that the eye with 
transplanted photoreceptor cells showed an improvement in rod receptor function 
as compared to the unoperated control eye (Jayaram et al., 2014). Similarly, another 
research group, Giannelli et al., have also successfully differentiated human Müller 
glia stem cells into rod photoreceptors using PA6 feeder layers (consisting of 
mitomycin-inactivated PA6 mouse bone marrow stromal cells) and taurine. This was 
confirmed by the expression of the rod markers rhodopsin and Guanine Nucleotide 
Binding Protein (G Protein) and Alpha Transducing Activity Polypeptide 1 (GNAT1). 
In addition, these rod photoreceptors were functional as shown by patch clamp 
studies which suggested that their properties were similar to those of adult rod 
photoreceptors (Giannelli et al., 2011).  
 
4.2 Role of Wnt signalling in photoreceptor survival and 
differentiation 
 
The Wnt signalling pathway has many functions during development, including 
proliferation and differentiation of retinal progenitor cells across species such as 
zebrafish and mammals. In larval zebrafish, when light-lesioned larval zebrafish 
were incubated in the presence or absence of the Wnt signalling activator 1-
azakenpaullone, a GSK3β inhibitor, it was observed that the continuous activation 
of Wnt signalling, promoted Müller glial stem cells derived progeny to migrate 
towards the ONL where only photoreceptors are found. In addition, these cells did 
not display Müller glia features such as radial process as observed in larval zebrafish 
incubated in medium alone (Meyers et al., 2012). However, this event did not occur 
in the uninjured larval zebrafish retina (Meyers et al., 2012, Lenkowski and 
Raymond, 2014).  
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In transgenic mice with increased Wnt signalling due to the loss of the Wnt regulator 
Axin2, it was shown that following laser induced retinal injury there was increased 
proliferation of a sub population of Müller glial stem cells responding to Wnt signals. 
In addition, these cells survived longer and also expressed the rod photoreceptor 
marker rhodopsin (Liu et al., 2013). Furthermore, Del Debbio et al. also reported that 
activation of Notch and Wnt signalling causes the differentiation of a sub population 
of mice Müller glial stem cells into photoreceptor cells (Del Debbio et al., 2010). The 
Wnt signalling pathway has also been shown to induce photoreceptor protection 
during inherited retinal degeneration, as activation of canonical Wnt signalling led to 
increased photoreceptor survival in rd6 mice. This Wnt mediated photoreceptor 
protection was effected by Müller glia (Patel et al., 2015). Furthermore, Müller glia 
cell have been shown to release neurotrophins such as BDNF to mediate 
photoreceptor protection (Harada et al., 2000).  
 
4.2.1 Effect of FGF2, taurine, retinoic acid and IGF1 on Wnt signalling 
pathway 
 
A combination of the factors FGF2, taurine, retinoic acid and IGF1 was shown to 
induce differentiation of human MIO-M1 cells into photoreceptors in vitro (Jayaram 
et al., 2014). FGF2 has been shown to affect Wnt signalling pathway in various 
studies. When FGF2 mutant mice was used in osteoblast differentiation and bone 
formation studies, there was a significant decrease in the mRNA and protein 
expressions of the Wnt genes Wnt10b and β-catenin (Fei et al., 2011). Similarly, in 
FGF2 induced lens fiber differentiation in rat lens explants, it was observed that there 
was an increase in the protein expression of the components of Wnt signalling such 
as Frizzled 3, Frizzled 6, Dishevelled 2 and Dishevelled 3 (Dawes et al., 2013).   
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Taurine (2-aminoethane sulfonic acid), found in most cells, has been shown to 
increase the proliferation of progenitors cells isolated from areas such as mice 
embryonic mesencephalon and hippocampus dentate gyrus (Hernandez-Benitez et 
al., 2010, Shivaraj et al., 2012).  Through DNA microarray studies conducted in 
progenitor cell culture in the presence of taurine obtained from the adult mouse 
subventricular zone, it was recently shown that there was an increase in the 
transcripts of Wnt signalling pathway. In addition, quantitative real-time PCR 
demonstrated an increase in Wnt2 in the taurine treated samples as compared to 
control samples (Ramos-Mandujano et al., 2014).  
 
Retinoic acid (RA) is the major form of bioactive retinoid, which is made up of vitamin 
A and its derivatives (Mark et al., 2006). This signalling molecule has been shown 
to be important during embryonic development and cellular differentiation (Gudas, 
1994)  including in vitro photoreceptor differentiation (Osakada et al., 2008, Eiraku 
et al., 2011, Zhong et al., 2014). During inhibition of adipogenesis of 3T3-L1 cells i 
in vitro, it was shown that addition of RA resulted in the increased expression of Wnt 
genes such as Wnt1, Wnt4 and β-catenin (Kim et al., 2013a). In contrast, addition 
of RA to cultures of mice ESC caused an increased in the expression of components 
of the non-canonical pathways such as Wnt5a, Wnt7a, Fzd2 and Fzd6, whilst 
reducing the expression of canonical Wnt signalling components such as 
phosphorylated β-catenin. Furthermore, in the same study they showed that addition 
of RA promotes Tcf3 association, thus promoting non-canonical signalling. In 
contrast, at the same time, addition of RA causes Tcf1 dissociation, with 
subsequently inhibition of the canonical Wnt signalling (Osei-Sarfo and Gudas, 
2014).  
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IGF-1, which predominately act via the IGF1 receptor has been demonstrated to be 
important for the proliferation, survival and maturation of neural cells in vitro (Popken 
et al., 2005). It has been shown that in oligodendroglial cell cultures IGF-1 increases 
the protein expression of β-catenin (Ye et al., 2010). Furthermore, the same 
research group showed that IGF-1 signalling could interact with canonical Wnt 
signalling to promote neural proliferation in vivo. This was illustrated by the 
downregulation of canonical Wnt components β-catenin and phospho-GSKβ in the 
IGF-1 or IGFR mutant mice brain (Hu et al., 2012). 
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4.3 Objectives 
 
The Wnt signalling pathway has been shown to be involved in the induction of Müller 
glial stem cell proliferation and differentiation in various species, including zebrafish 
and mice. In addition, various exogenous factors have been shown to promote 
photoreceptor differentiation of neural progenitors and stem cells. However, it is not 
known whether factors that induce photoreceptor differentiation of human Müller glia 
stem cell can modify the Wnt signalling pathway, or whether Wnt signalling may be 
involved in the photoreceptor differentiation of these cells in vitro.  
 
On this basis, the aims of this chapter were as follows: 
 
4. To investigate the effect of FTRI induced human MSC photoreceptor 
differentiation on the components of Wnt signalling pathway. 
5. To investigate whether inhibition of β-catenin may affect the photoreceptor 
differentiation of human MSC. 
6. To investigate the effect of TGFβ on the photoreceptor differentiation of 
human MSC. 
 
To achieve these objectives, the following experiments were conducted: 
 
5. Human Muller stem cells were cultured in the presence or absence of FTRI 
to examine gene and protein expression of components of the canonical and 
non-canonical Wnt signalling pathway. Selective gene components of 
canonical Wnt signalling studied, including WNT2B, β-catenin and DKK1. 
These factors were identified by RT-PCR of isolated mRNA, whilst 
intracellular protein was identified by western blotting analysis of isolated 
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protein. Wnt related proteins released into the supernatant were also 
examined by ELISA methods.   
6. Müller stem cells were cultured with various concentration of the tankyrase 
inhibitor XAV-939 to identify the optimum concentrations that would inhibit 
the canonical Wnt signalling pathway by downregulating β-catenin protein 
expression and could be used for assessing its effects on MSC.  
7. hMSC were cultured in the presence of FTRI alone or FTRI combined with  
tankyrase inhibitor XAV-939 to examine gene and protein expression of 
photoreceptor markers. These included NR2E3 and recoverin. 
Photoreceptor marker genes were identified by RT-PCR of isolated mRNA, 
whilst protein expression was identified by quantification of the 
immunostained cells. 
8. Furthermore, to investigate the effect of TGFβ on the photoreceptor 
differentiation of human Müller stem cells, cells were cultured with FTRI in 
the presence or absence of this factor. Gene expression of the photoreceptor 
markers NR2E3, rhodopsin and recoverin were examined by RT-PCR whilst 
protein expression was identified by immuno-cytochemical staining.   
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4.4 Results 
 
4.4.1 Upregulation of canonical Wnt signalling components by factors 
that induce photoreceptor differentiation of MIOM1 cell line  
 
Previous studies have demonstrated that adult hMSC can be successfully 
differentiated into photoreceptors upon culture with FGF2, taurine, retinoic acid and 
Insulin-like growth factor 1 (FTRI) (Jayaram et al., 2014). Given the importance of 
Wnt signalling in neural stem cell proliferation and differentiation, we examined the 
effect of FTRI on the Wnt signalling components of hMSC. As previously reported, 
hMSC cultured with FTRI showed significant mRNA upregulation of the 
photoreceptor markers NR2E3 (p<0.01), recoverin (p <0.01), rhodopsin (p<0.01) 
and IRBP (p<0.05) compared to control cells (Fig 4.1). In addition, FTRI also caused 
a significant mRNA upregulation of Blimp1 (p<0.01) (Fig 4.1), a factor shown to 
inhibit expression of genes such as Chx10, which promote bipolar fate (Katoh et al., 
2010). The present results also showed that conditions that induce photoreceptor 
differentiation of hMSC caused a significant increase in the expression of mRNA 
coding for the canonical Wnt signalling ligand WNT2B (p<0.001), but did not modify 
the mRNA expression of the non-canonical Wnt ligand WNT5B (Fig 4.2).  
Interestingly, a significant increase in the release of both WNT2B and WNT5B 
ligands into the culture supernatants (p<0.05 and p<0.05 respectively) was observed 
when compared to control undifferentiated cells (Fig 4.2).  Western blot analysis of 
protein isolated from cells cultured with FTRI demonstrated that the ratio of phospho-
β-catenin/β-catenin was significantly decreased in cells undergoing photoreceptor 
differentiation as compared to undifferentiated hMSC (p<0.05) (Fig 4.3). When 
culturing cells under photoreceptor differentiating conditions we also observed an 
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increase in mRNA expression of DKK1, a Wnt antagonist and a product of Wnt 
activation (p=0.05), as compared to cells cultured with medium alone (Fig 4.3).  
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Figure 4.1 FTRI causes induction of photoreceptor differentiation markers in hMSCs. 
Culture of hMSC with FTRI caused an increase in mRNA expression coding for the 
photoreceptor markers NR2E3, rhodopsin, IRBP and Blimp1 as compared to control cells; 
n=6-8. Student’s t- test. *p<0.05 v. control, **p = 0.01 v. control, ***p = 0.001 v. control. 
Histograms represent the mean + SEM of the optical density of gel bands normalized to β-
actin. Representative gel bands are shown on the right side above the histograms. 
 
 
 
 
 
 
 
 
 130 
 
 
 
 
 
Figure 4.2 Induction of photoreceptor differentiation by FTRI causes changes in the 
expression of the Wnt signalling components WNT2B and WNT5B in hMSCs. Culture 
of hMSC with FTRI for 7 days caused a significant increase in the expression of WNT2B 
mRNA, whilst no changes in the expression of WNT5B were observed in these cells. 
Histograms represent the mean + SEM of the optical density of gel bands normalized to β-
actin. Representative gel bands are shown above the histograms; n=5. Student’s t-test, 
***p<0.001; ns=No significant; FTRI = FGF2, taurine, retinoic acid and Insulin-like growth 
factor type1. (B) Quantification of the secreted ligands, as measured by ELISA, showed that 
both WNT2B and WNT5B were significantly increased in culture supernatants of hMSC cell 
treated with FTRI for 7 days; n=3. Student’s t-test, *p<0.05.   
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Figure 4.3 Induction of photoreceptor differentiation by FTRI causes changes in the 
expression of the Wnt signalling components β-catenin and DKK1 in hMSC. (A) 
Western blotting analysis showed that the ratio of phospho-β-catenin/β-catenin was 
decreased by FTRI treatment of hMSC; n=5. Student’s t-test, *p<0.05. (B) A significant 
increase in the expressions of DKK1 mRNA was observed in hMSC cultured with FTRI for 7 
days; n=3.  Student’s t-test, *p<0.05. Histograms represent the mean + SEM of the optical 
density of gel bands normalized to β-actin. Representative gel bands are shown above the 
histograms. 
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4.4.2 The canonical Wnt signalling is required for photoreceptor 
differentiation of hMSC 
 
Following observations that FTRI, which induces photoreceptor differentiation of 
hMSC, causes upregulation of canonical Wnt signalling components in these cells, 
we examined whether Wnt signalling is required for hMSC photoreceptor 
differentiation. We first tested the effect of the tankyrase inhibitor XAV-939, known 
to effectively block β-catenin by stabilizing axin (Huang et al., 2009), on 
undifferentiated cells. We observed that increasing log10 concentrations of this 
compound caused a gradual increase in the expression of phosphorylated β-catenin 
in hMSC, although a significant increase was only observed with concentrations 
above 10 nM (p<0.05) (Fig 4.4).  
Addition of XAV-939 (10 nM) to hMSC cultured under photoreceptor differentiating 
conditions caused a significant inhibition of the effect of FTRI on the mRNA 
expression of the photoreceptor markers NR2E3 (p<0.01) and recoverin (p<0.05) 
(Fig 4.5). This inhibition was further confirmed by immuno-cytochemical analysis, 
which also demonstrated a significant decrease in the number of cells expressing 
NR2E3 (p<0.01) and recoverin (p<0.05) proteins in hMSC cultured with FTRI in the 
presence of XAV-939 (p<0.01) (Fig 4.6). Taken together, these results suggest that 
signalling through the canonical Wnt pathway precedes the activation of proneural 
factors involved in the differentiation of hMSC into photoreceptors.   
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Figure 4.4 Effect of inhibition of β-catenin by tankyrase inhibitor XAV-939. 
Dose response increase in phospho-β-catenin by tankyrase inhibitor XAV-939 
concentrations of XAV-939 ranging between 0.01 and 100 nM. Western blot bands on the 
right show that XAV-939 significantly upregulated the expression of phospho-β-catenin 
protein at concentrations of 0.01 and 100 nM; n=4. Student’s t-test, *p<0.05.  
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Figure 4.5 Effect of activation of β-catenin degradation on mRNA expression of the 
photoreceptor differentiation markers by hMSC. Addition of XAV-939 (10 nM) to hMSC 
cultured with FTRI inhibited the differentiation of these cells into photoreceptors, as judged 
by the expression of mRNA coding for NR2E3 and recoverin. Histograms on the left 
represent the mean + SEM from UV spectrophotometer readings of gel bands.  
Representative bands are shown on right of the histograms; n=5-7. ANOVA test; *p<0.05; 
**p<0.01; FTRI= FGF2, taurine, retinoic acid and insulin-like growth factor type 1  
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Figure 4.6 Effect of inhibition of β-catenin on the protein expression of photoreceptor 
differentiation markers by hMSC. Confocal images confirmed that addition of XAV-939 (10 
nM) to hMSC cultured in the presence of FTRI caused a decrease in the expressions of 
NR2E3 and recoverin which is upregulated by FTRI alone (Alexa 488, green). Cell nuclei 
counterstained with DAPI (blue). Scale bars 50m.  Histogram represents the percentage of 
cells stained with NR2E3 following 7 days culture under the different conditions; n = 3. 
ANOVA test; *p<0.05; **p<0.01.  
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4.4.3 TGFβ1 inhibition of photoreceptor differentiation is associated 
with changes in the expression of Wnt ligands 
 
Having shown that photoreceptor differentiation of hMSC promotes activation of the 
canonical Wnt signalling pathway (Fig 4.2 and Fig 4.3) and that TGFβ1 
downregulates canonical Wnt signalling components whilst upregulating the non-
canonical WNT5B ligand (Chapter 3, Fig 3.3 and 3.5), it was examined whether 
TGFβ1 can modulate photoreceptor differentiation of hMSC by modifying the Wnt 
signalling pathway in these cells. 
 
Addition of TGFβ1 to hMSC cultured in the presence of FTRI caused a significant 
decrease (p<0.001) in WNT2B mRNA expression, as compared to hMSC cultured 
with FTRI alone (Fig 4.7A). Cells cultured under differentiating conditions in the 
presence of TGFβ1 also showed a significant increase in WNT5B mRNA expression 
(p<0.01) as compared to cells cultured in the presence of FTRI alone (Fig 4.7B). 
These results suggest that by modifying the expression of the Wnt ligands WNT2B 
and WNT5B, TGFβ1 inhibits the effect of FTRI on the expression of Wnt ligands.  To 
assess whether this inhibitory effect was reflected on the ability of these cells to 
differentiate into photoreceptors, TGFβ1 was added to hMSC cultured with FTRI.  
Under photoreceptor differentiating conditions, TGFβ1 caused a significant 
downregulation of mRNA coding for the photoreceptor markers NR2E3 (p<0.001), 
recoverin (p<0.05) and rhodopsin (p<0.001) as compared to hMSC cultured with 
FTRI alone (Fig 4.8). This was also confirmed by a decrease in the number of cells 
expressing NR2E3 (p<0.01) and recoverin (p<0.01) when cells were cultured with 
FTRI in the presence of TGFβ1, as compared to cells cultured with FTRI alone (Fig 
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4.9).  Taken together, these results suggest that TGFβ1 may regulate hMSC 
photoreceptor differentiation by modifying the ligands WNT2B and WNT5B of the 
Wnt signalling pathway.  
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Figure 4.7 Effect of TGFβ1 on FTRI mediated changes in the mRNA expression of 
WNT2B and WNT5B in hMSC. (A) Culture of MIO-M1 cells with FTRI caused an increase 
in WNT2B mRNA expression, but addition of TGFβ1 to the differentiation medium inhibited 
this increase; n=4. ANOVA test, **p<0.01; ***p<0.001. (B) FTRI alone did not modify WNT5B 
mRNA expression, but addition of TGFβ1 to the differentiation cocktail increased WNT5B 
mRNA expression. Histograms represent the mean + SEM of the optical density of gel bands 
normalized to β-actin. Representative gel bands are shown above the histograms. 
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Figure 4.8 Inhibition of FTRI-induced photoreceptor differentiation of hMSC by TGFβ1. 
Addition of TGFβ1 to hMSC undergoing photoreceptor differentiation with FTRI inhibited the 
mRNA expression of NR2E3, recoverin and rhodopsin as compared with cells cultured with 
FTRI alone; n = 5-8. ANOVA test, *p<0.05; ***p<0.001. Histograms represent the mean + 
SEM of the optical density of gel bands normalized to β-actin. Representative gel bands are 
shown above the histograms. 
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Figure 4.9 Inhibition of FTRI-induced photoreceptor differentiation of hMSC by TGFβ1. 
Immuno-staining for NR2E3 and recoverin confirmed that whilst FTRI alone caused a 
marked increase in the expression of this photoreceptor protein, addition of TGFβ1 to hMSC 
cultured with FTRI caused inhibition of photoreceptor differentiation (Alexa 488, green). Cell 
nuclei counterstained with DAPI (blue). Scale bars 50m. Histograms on the right represent 
the proportion of cells immunostaining for each of the markers following 7 day culture under 
the different conditions; n=3. ANOVA test, **p<0.01. 
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4.5 Discussion 
 
 
Müller glial cells have been shown to be important for the generation of 
photoreceptors during retinal development (Bernardos et al., 2007). In addition, 
Müller glia have also been demonstrated to give rise to photoreceptors following 
retinal injury in zebrafish (Montgomery et al., 2010) as well as in mammalian species 
(Del Debbio et al., 2010, Liu et al., 2013). Whilst Wnt signalling has been 
demonstrated to aid photoreceptor differentiation in both zebrafish and mice (Meyers 
et al., 2012, Del Debbio et al., 2010, Liu et al., 2013), the importance of Wnt 
signalling in the regulation of progenicity and neural differentiation of human Müller 
stem cells  derived from the adult human eye has not been previously investigated.  
 
The results from this chapter demonstrated that culture of hMSC with a combination 
of growth and differentiation factors (FTRI) induced expression of the photoreceptor 
markers NR2E3, recoverin, rhodopsin and IRBP in these cells in vitro as previously 
reported (Fig 4.1) (Jayaram et al., 2014). In addition, the differentiation of these cells 
into photoreceptors was further verified by their increased Blimp1 mRNA expression 
(Fig 4.1). In previous study conducted by Katoh et al, it was shown that ablation of 
Blimp1 resulted in a reduced number of photoreceptors, whilst increasing the 
number of bipolar cells by upregulating Chx10. In contrast, upregulation of Blimp1 
resulted in increased number of photoreceptors following downregulation of Chx10 
(Katoh et al., 2010).  Addition of FGF-2, taurine or retinoic acid, either in single form 
or in combined together have been previously shown to induce neuronal 
differentiation of stem cells towards photoreceptor fate in vitro (Zhao et al., 2002, 
Eiraku et al., 2011), Furthermore, IGF-1 has also been reported to mediate 
production of rod photoreceptors in zebrafish (Zygar et al., 2005) and mouse retinae 
(Pinzon-Guzman et al., 2011) during retinal development .  In these experiments 
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with hMSC, it was observed that FTRI upregulated the expression of genes and 
proteins associated with the canonical Wnt signalling pathway, including WNT2B, 
β–catenin and DKK1 (Fig 4.2 and Fig 4.3). The involvement of the canonical Wnt 
signalling pathway in the photoreceptor differentiation of hMSC in vitro is further 
supported by the observations that inhibition of the canonical Wnt signalling by 
inhibitor XAV-939 (which stabilizes axin and consequently targets -catenin for 
degradation) in cells cultured with FTRI, prevented photoreceptor differentiation of 
these cells (Fig 4.6). Activation of canonical Wnt signalling is associated with the 
maintenance and proliferation of retinal progenitors in the embryonic chick and 
mouse retina (Cho and Cepko, 2006), whilst laser-injury in transgenic mice lacking 
the Wnt signalling regulator Axin2, induces amplification of Wnt signalling and 
generation of rhodopsin positive cells from Müller glia (Liu et al., 2013). Wnt 
signalling activation is also associated with Müller glia mediated regeneration in the 
zebrafish (Lenkowski and Raymond, 2014), and continuous activation of this 
pathway after acute injury in larval zebrafish also promotes the generation of 
neuronal progenitors from Müller glia (Meyers et al., 2012). Furthermore, activation 
of Wnt in association with Notch signalling has been shown to promote Müller glia 
mediated adult mammalian rod photoreceptor differentiation in mice (Del Debbio et 
al., 2010). 
Individually, individual factors of FTRI used to induce photoreceptor differentiation 
of hMSC have been shown to modulate the expression of canonical Wnt signalling 
molecules.  The loss of FGF-2 during bone formation studies in mice resulted in the 
downregulation of β–catenin under these conditions, suggesting that FGF-2 is able 
to promote the upregulation of canonical Wnt signalling pathway (Fei et al., 2011).  
Similarly, addition of taurine (known to be available in most mammalian cells) to 
cultures of adult mice subventricular zone cells also promoted upregulation of the 
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canonical Wnt signalling pathway ligands including Wnt2 (Ramos-Mandujano et al., 
2014). In addition, Retinoic acid has also been shown to promote upregulation of 
canonical Wnt signalling component β–catenin during inhibition of adipogenisis in 
vitro (Kim et al., 2013a). Furthermore, the final factor of FTRI, IGF-1 also has been 
shown to upregulate the canonical Wnt signalling pathway by increasing the 
expression of β–catenin in oligodendroglial cell cultures (Ye et al., 2010).  These 
findings suggest that as seen in the zebrafish and early postnatal life in small 
vertebrates, photoreceptor differentiation of hMSC requires activation of canonical 
Wnt signalling. 
Addition of TGFβ1 to hMSC cultured with FTRI resulted in inhibition of photoreceptor 
differentiation (Fig 4.8 and Fig 4.9). The present findings that inhibition of 
photoreceptor differentiation by TGFβ1 in hMSC was accompanied by gene 
downregulation of WNT2B and upregulation of WNT5B, is in accordance with the 
reported functions of this ligand in promoting the activation of the canonical Wnt 
signalling pathway in other species. This suggests that by increasing WNT5B 
expression, TGFβ1 may potentiate its inhibitory effect that prevents photoreceptor 
differentiation of hMSC.  The observation that FTRI upregulates the expression of 
WNT2B strongly suggests that the effect of these factors on the photoreceptor 
differentiation of hMSC may be effected through the activation of the canonical Wnt 
signalling pathway. Previous studies have shown that in the zebrafish regulation of 
Smad2/3 signalling in Müller glia is important for the proliferative and neurogenic 
response of these cells to retinal damage (Lenkowski et al., 2013). Hence, the 
present observations that known intracellular pathways of Müller cell differentiation 
observed in zebrafish are also active in human Müller glia in vitro suggests the 
existence of inhibitory mechanisms of these pathways in the adult human retina, 
which may prevent these cells from regenerating the retina in vivo.  It also raises the 
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prospects that if we can control these mechanisms in hMSC in vitro, we could 
potentially induce Müller glia to regenerate the retina in vivo.  
 
To summarize, this study has demonstrated that differentiation of hMSC into 
photoreceptors in vitro is dependent on the activation of the canonical Wnt signalling 
pathway and that TGFβ, which is highly upregulated during retinal gliosis (Hoerster 
et al., 2014), modifies the Wnt signalling mechanisms in hMSC (Fig 4.10)  That 
hMSC express genes of the Wnt signalling pathway and that their activation 
regulates photoreceptor differentiation upon culture with differentiation factors may 
reflect their potential regenerative ability in vivo.  Given that signalling cascades 
elicited by binding of TGFβ and Wnt ligands to their receptors involve cross talks of 
intracellular signalling pathways (Xu et al., 2009), it may be possible that regulation 
of TGFβ and Wnt signalling may have diversified during evolution to prevent 
uncontrolled growth and differentiation of human Müller glia in the adult retina. It may 
be also possible that factors released during inflammation and gliosis could inhibit 
the regenerative ability of these cells in vivo. On this basis, comparative 
investigations into mechanisms that control these pathways in zebrafish and human 
Müller glia may help to identify therapeutic targets that could be potentially used to 
promote endogenous regeneration of the human retina, and this merits further 
investigations.   
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Figure 4.10 TGFβ1 inhibits the canonical Wnt signalling pathway necessary for the 
photoreceptor differentiation of hMSC in vitro. Schematic illustration summarizing the 
interactions of FTRI, WNT2B, WNT5B, TGFβ1 and DKK1 in hMSC. FTRI, which 
induces photoreceptor differentiation of hMSC, activated the canonical Wnt 
signalling pathway in these cells. Addition of TGFβ1 to cells cultured with FTRI 
caused inhibition of the canonical Wnt signalling and consequently inhibited the 
photoreceptor differentiation of hMSC in vitro.  
 
 
 
 
 
 
 146 
 
 
 
 
 
Chapter 5: Effect of HBEGF on the Notch and Wnt signalling pathways 
in human Müller glial stem cells 
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5.1 HBEGF 
 
 
Heparin-binding EGF-like Growth Factor (HBEGF) is a member of the EGF family 
of growth factors.  HBEGF was initially isolated as a mitogen for fibroblasts and 
smooth muscle cells from the conditioned medium of a human macrophage-like cell 
line (Higashiyama et al., 1991).  HBEGF gene is expressed in various tissues such 
as the brain, lungs and heart. Within the CNS, HBEGF is highly expressed by 
neurons, astrocytes and oligodendrocytes (Nakagawa et al., 1998) .  
 
HBEGF is synthesised as a transmembrane protein (ProHBEGF) which undergoes 
cleavage and results in the release of a 22- kDa O-glycosylated protein, mature 
soluble HBEGF (sHBEGF) (Fig. 4) (Higashiyama et al., 2008). Metalloproteinases 
such as A Disintegrin And Metalloprotease (ADAM), cleave ProHBEGF between 
Pro148 – Val149 and Glu151 – Asn152 to generate a sHBEGF in a process called 
ectodomain shedding.  Ectodomain shedding is induced by stimuli such as phorbol 
esters, calcium ionophore and lysophosphatidic acid (LPA) (Hirata et al., 2001). 
Stimuli such as LPA act on G-protein coupled receptor (GPCR) which cause an 
activation of metalloproteinases such as ADAM (Prenzel et al., 1999). Ectodomain 
shedding is regulated by various signalling cascades such as MAP kinase and PKC 
pathways (Gechtman et al., 1999). The sHBEGF consists of EGF-like domain which 
has conserved six cysteine motif (CX7CX4–5CX10 – 13CXCX8C) present in all members 
of EGF family and heparin binding domain, an N-terminal extension to EGF-like 
domain, only present in HBEGF, and amphiregulin. HBEGF uses heparin binding 
domain to interact with the EGF receptor and may also regulate its activation with 
membrane bound heparin sulphate proteoglycans found on this receptor (Thompson 
et al., 1994). Through tyrosine phosphorylated activation of the EGF receptors 
(ErbB1 and ErbB4), sHBEGF induces MAPK activation which in turn activates cyclin 
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D-cyclin-dependent kinase (Cdk) complex resulting in cell cycle progression. Thus, 
HBEGF has mitogenic and chemoattractant effects that stimulate cell proliferation 
and migration in many cells, including epithelial cells and fibroblasts (Elenius et al., 
1997). The ectodomain shedding also generates a carboxyl terminal fragment of 
HBEGF (HBEGF-CTF) that can translocate into the nucleus via endocytosis. Inside 
the nucleus, HBEGF-CTF can bind and cause nuclear export of a transcriptional 
repressor known as Promyelocytic leukaemia zinc finger (PLZF) (Fig. 5.1). This 
causes increase in expression of cyclin A and allows re-entry into the S-phase of the 
cell cycle, normally blocked by PLZF (Nanba et al., 2004). Therefore, it is evident 
that both sHBEGF and HBEGF-CTF regulate cell proliferation via different 
pathways.  
 
5.1.1 HBEGF in retina regeneration  
 
The expression of EGFRs by Müller glia have been demonstrated both in vivo and 
in vitro conditions (Milenkovic et al., 2003). Expression of EGFRs varies between 
the developmental and adult stages in the rat retina. EGFR expression is high in 
Müller glial cells and late retinal progenitor cells during the first two postnatal weeks 
compared to the early retinal progenitor cells. However, EGFR expression declines 
in Müller glial cells after two postnatal weeks (Close et al., 2006).  Interestingly, it 
has been demonstrated that during injury induced by light in the adult rat retina, the 
EGFR expression increases in Müller glia, resembling that seen during early 
postnatal weeks. It has therefore been suggested that one of the reasons why 
EGFRs are down-regulated in the adult rat retina is possibly to maintain Müller glial 
cells in a mitotic quiescent state (Close et al., 2006).    
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Figure 5.1 HBEGF signalling pathway. Metalloproteinases cleave ProHBEGF to generate 
a soluble HBEGF (sHBEGF) protein in a process called ectodomain shedding. sHBEGF 
binds to EGFR (Epidermal Growth Factor receptor) and induces in MAPK signaling activation 
and cyclin D-cyclin-dependent kinase (Cdk) complex formation, which leads to cell cycle 
progression. In addition, the carboxyl terminal fragment of HBEGF (HBEGF-CTF) can also 
translocate to the nucleus and export transcriptional repressor Promyelocytic leukaemia zinc 
finger (PLZF) to activate cyclin A expression, allowing re-entry into the S-phase of the cell 
cycle. From (Nishi and Klagsbrun, 2004) 
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In human proliferative vitroretinopathy (PVR), a dysregulated wound healing 
process due to overstimulation growth factors and factors, HBEGF has been shown 
to be upregulated compared to normal retinae. HBEGF, which is expressed during 
development was shown to exert mitogenic and chemotactic effects on adult human 
Müller glia in vitro (Hollborn et al., 2005).  Recently, Wan et al., demonstrated that 
HBEGF can initiate Müller glia derived retinal regeneration with or without injury in 
the zebrafish (Wan et al., 2012). In this study, it was found that retinal injury induced 
rapid production and activation of HBEGF.  Interestingly, it was shown that HBEGF 
activation via ectodomain shedding is required for Müller glia derived progenitor 
formation and subsequent retinal regeneration. This was confirmed by observations 
that the ectodomain shedding inhibition prevented Müller glia derived progenitor 
formation, as indicated by the absence of retinal progenitor genes such as Ascl1a 
and Pax6b. Furthermore, the study showed that the HBEGF/EGFR/MAPK pathway 
is involved in retinal regeneration, suggesting that the classical HBEGF pathway of 
EGF receptor activation is important for Müller glia derived progenitor formation and 
subsequent retinal regeneration in the zebrafish (Wan et al., 2012). In contrast with 
that seen in the zebrafish retina, EGF treatment in rodents only induced Müller glia 
proliferation in the injured retinae but not in uninjured retina, with strict formation of 
amacrine cells (Karl et al., 2008). Therefore, from the studies in injured mammalian 
retinae, it appears that EGFR activation does not fully activate Müller glia to form 
progenitors that can regenerate all types of retinal cells as demonstrated in the 
zebrafish (Wan et al., 2012). Nevertheless, these studies have indicated that through 
activation of HBEGF and EGFR, it may be possible to stimulate Müller glial cells for 
retinal regeneration across species such as zebrafish and mammals.  
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5.1.3 Interactions between HBEGF and the Wnt signalling pathways 
 
Wan et al demonstrated that following injury of the zebrafish retina, HBEGF 
upregulate Müller glia derived progenitor proliferation. This factor also increases the 
expression of genes required for retinal regeneration such as Ascl1a (Wan et al., 
2012) (Fig 5.2). The same research group had previously shown that activation of 
canonical Wnt signalling is required for the generation of a retinal progenitor 
population in the injured zebrafish retina (Ramachandran et al., 2011). They also 
observed that HBEGF is found upstream of the Wnt signalling pathway and when 
HBEGF is overexpressed, it activates the canonical WNT signalling pathway (Wan 
et al., 2012) (Fig 5.2). They found that HBEGF increased the nuclear β-catenin levels 
in Müller glia derived progenitors and that HBEGF enhanced mRNA expression of 
β-catenin in zebrafish expressing a Wnt signalling reporter (Wan et al., 2012). 
Intestinal ischemia studies in the adult rat have shown that PI3K/AKT is stimulated 
by HBEGF (Fig 5.3) (El-Assal and Besner, 2005). Furthermore, in rat intestinal 
epithelial IEC18 cells, it was demonstrated that PI3K/AKT pathway mediates 
inhibition of GSK3β by phosphorylation and thus upregulation of canonical Wnt 
signalling (Karrasch et al., 2011) (Fig 5.3).  By contrast, when inhibition of the 
canonical Wnt signalling was examined under the same conditions, using the 
pharmacological inhibitor pyrvinium (Thorne et al., 2010), they found that HBEGF 
induced progenitor proliferation and regeneration and that the gene and protein 
expressions of Ascl1a were decreased.  
 
In a mice model of induced intestinal ischemia/reperfusion injury (IR) by segmental 
mesenteric artery occlusion to the terminal ilium, it has been shown that there is 
decreased expression of β-catenin in the cell membranes and nuclei of intestinal  
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Figure 5.2 Activation of the Notch and Wnt signalling pathways by HBEGF in Müller 
glial stem cells. In zebrafish and mice, it has been shown that HBEGF signalling through 
the EGF receptor can activate the WNT and the Notch signalling pathways in Müller glial 
stem cells. Ascl1 signalling pathways are found downstream of the HBEGF signalling 
pathway. Adapted from (Wan et al., 2012, Del Debbio et al., 2010, Ramachandran et al., 
2011)    
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stem cells. This suggests that the canonical Wnt signalling is responsible for the 
proliferation and differentiation of these stem cells to maintain the intestinal cell 
homeostasis (Pinto and Clevers, 2005, Scoville et al., 2008) (Fig 5.3). HBEGF has 
been previously shown to protect intestinal cells from injury (El-Assal et al., 2008).  
 
Thus, when they overexpressed HBEGF in this mice model of IR injury, it was 
observed that HBEGF promotes the canonical Wnt signalling, as demonstrated by 
the finding that HBEGF causes increase in Wnt target genes such as c-Myc, cyclin 
D1 and Lgr5 in ISC (Chen et al., 2014) (Fig. 5.3).  
 
5.1.4 Interactions between the HBEGF and Notch signalling pathways 
 
Interactions between HBEGF and Notch signalling pathways have been reported in 
the literature. In the zebrafish, it has been shown that injection of recombinant 
HBEGF into the normal zebrafish eye resulted in the upregulation of Notch signalling 
components such as notch1, delta and her4 (Wan et al., 2012). By contrast, the 
downregulation of HBEGF using morpholinos in this species suppressed activation 
of the Notch target genes. Furthermore, it was highlighted that the overexpression 
of Notch signalling in the injured zebrafish retina caused downregulation of the 
expression of HBEGF and subsequently reduced the progenitor proliferation effect 
of HBEGF (Wan et al., 2012).   
 
Under hypoxic conditions in vitro, it was found that in cancer cells the expression of 
HBEGF is upregulated in a Notch dependent manner. This was illustrated by the 
demonstration that hypoxia increased the expression of HBEGF and Notch 
components including ADAM12 (a ligand of EGFR which mediates ectodomain  
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Figure 5.3 Interaction between HBEGF and WNT signalling pathway. HBEGF results in 
the activation of PI3K via the EGF receptor (EGF-R) and subsequently the activation of AKT. 
In addition, PI3K/AKT signalling phosphorylates GSK3 and inhibits it resulting in -catenin 
available for canonical Wnt signalling. Adapted from (Karrasch et al., 2011, El-Assal and 
Besner, 2005)  
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shedding of HBEGF) and the Notch ligand JAG2 respectively. Furthermore, using 
alkaline phosphatase-HBEGF-expressing cells, it was found that upon Notch 
inhibition there was a decrease in the hypoxia induced shedding of HBEGF 
compared to cell cultured in hypoxia alone. In addition, When ADAM12, JAG2 were 
knocked down using siRNA, a decrease in the shedding of HBEGF was observed 
(Diaz et al., 2013).  In mice astrocytes cultured with HBEGF under 2D and 3D cell 
culture conditions, it was found that there was an upregulation in the mRNA 
expression of the Notch pathway activator Dll1 compared to control cells. In addition, 
there was downregulation in the mRNA expression of Hes1 in 3D cell culture whilst 
no changes were observed in the 2D cell culture system (Puschmann et al., 2014) 
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5.2 Objectives 
 
HBEGF has been shown to be able to initiate Müller glia derived retinal regeneration 
in the zebrafish (Wan et al., 2012). In addition, in human Müller glia stem cells in 
culture, it was found that HBEGF promoted proliferation of these cells in a similar 
manner as that shown in the zebrafish (Hollborn et al., 2005). HBEGF has been also 
shown to interact with the Wnt signalling and Notch signalling pathways during 
zebrafish retinal regeneration (Wan et al., 2012). However, it is not known whether 
similar interaction between HBEGF and Wnt or Notch signalling pathways occur in 
human Müller stem cells in vitro. On this basis, the aims of this study were as follows: 
 
1. To examine the effect of the photoreceptor differentiation factors FGF-2, 
taurine, retinoic acid and Insulin-like Growth factor-1 (FTRI) on HBEGF 
expression. 
2. To investigate the effect of HBEGF on the canonical Wnt signalling and 
Notch signalling components in human Müller stem cells 
3. To examine the effect of HBEGF with or without a specific inhibitor on 
photoreceptor differentiation, and of HBEGF on RGC differentiation. 
4. To investigate the effect of Notch and Wnt inhibition on HBEGF expression 
in human Müller stem cells. 
 
To achieve these objectives, the following experiments were conducted: 
 
9. Human Müller stem cells were cultured in the presence or absence of 
HBEGF and gene and protein expression of components of the canonical 
Wnt signalling pathway were examined. Selective gene components of the 
canonical Wnt signalling, including WNT2B, β-catenin, DKK1, WISP-1 and 
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AXIN2 were identified by RT-PCR of isolated mRNA, whilst intracellular 
protein was identified by western blot analysis of isolated protein.  
10. hMSC were cultured in the presence of FTRI alone or FTRI combined with 
tankyrase inhibitor XAV-939 to examine gene and protein expression of 
HBEGF. RT-PCR was used to examine mRNA expression, whilst protein 
expression was identified by quantification of cells immunostaining for this 
factor. 
11. Furthermore, to investigate the effect of HBEGF on the photoreceptor 
differentiation of hMSC, cells were cultured with FTRI in the presence or 
absence of this factor as well as in the presence of FTRI combined with a 
specific HBEGF inhibitor CRM197. Gene expression of the photoreceptor 
markers NR2E3, and recoverin were examined by RT-PCR. 
12. To investigate the effect of HBEGF on the components of the Notch 
signalling pathway, human MSC were cultured in the presence or absence 
of HBEGF to examine gene and protein expression of HES1 and the Notch 
intracellular cytoplasmic domain (NICD). RT-PCR was performed in isolated 
mRNA, whilst intracellular protein was identified by western blot analysis of 
the whole cell lysate.  
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5.3 Results 
 
5.3.1 HBEGF downregulates the canonical Wnt signalling pathway  
 
HBEGF has been shown to interact with the components of the Wnt signalling 
pathway in species such as the zebrafish during Müller glia mediated retinal 
regeneration (Wan et al., 2012). Therefore, in order to investigate the effect of 
HBEGF on the components of Wnt signalling pathway in human Müller stem cells, 
Cell lines MIO-M1 and 6387 were cultured in the presence of recombinant soluble 
HBEGF (100 ng/ml) for 7 days. The western blot analysis of whole cell lysates from 
both cell lines showed that HBEGF induced a decrease in the protein expression of 
the active form of β-catenin, a canonical Wnt signalling component important for 
transcription of Wnt target genes, in both the MIO-M1 (p<0.01) and 6387 (p<0.05) 
cells, as compared to control cells cultured with medium alone (Fig 5.4 A and B).  
 
In addition, HBEGF also caused a decrease in the mRNA expression of the 
canonical Wnt signalling ligand WNT2B (p<0.05) and canonical Wnt signalling target 
genes WISP-1 (p<0.01) and DKK1 (p<0.05) in these hMSC (Fig 5.5). Also, a 
decrease in the non-canonical Wnt signalling ligand WNT5B (p<0.05) was observed 
in these cells (Fig 5.5). Therefore, these results suggest that HBEGF downregulates 
the canonical Wnt signalling pathway in human Müller stem cells.  
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Figure 5.4 HBEGF causes downregulation of the canonical Wnt signalling component 
β-catenin in hMSCs. A) Western blotting analysis showed that MIO-M1 cells cultured with 
HBEGF induced a decrease in protein  expression of β-catenin as compared to control cells; 
n=11. Student’s t- test. **p<0.01 v. control. B) Similarly, culture of the Müller cell line 6387 
with HBEGF also caused a decrease in the protein expression of β-catenin as compared to 
control cells; n=3. Student’s t-test. *p<0.05 v. control Histograms represent the mean + SEM 
of the optical density of gel bands normalized to β-actin. Representative gel bands are shown 
on the right side above the histograms.  
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Figure 5.5 HBEGF causes downregulation of canonical Wnt signalling components in 
MIO-M1 cells. A) Culture of MIO-M1 cells with HBEGF caused a decrease in mRNA 
expression coding for the  Wnt signalling components WNT2B; n=4, WNT5B; n=5, WISP-1; 
n=6 and DKK1; n=4 as compared to control cells. Student’s t- test. *p<0.05v. control; 
**p<0.01 v. control. Histograms represent the mean + SEM of the optical density of gel bands 
normalized to β-actin. Representative gel bands are shown on the right side above the 
histograms.  
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5.3.2 Factors that induce photoreceptor differentiation of hMSC 
upregulate HBEGF expression 
 
Having shown the downregulation of canonical Wnt signalling by HBEGF, the effect 
of canonical Wnt signalling activation on HBEGF was investigated. To examine this 
effect, hMSC were cultured with recombinant canonical Wnt ligand WNT2B (100 
ng/ml) for 7 days.  It was found that addition of WNT2B to hMSC cultures did not 
modify the expression of mRNA coding for HBEGF when compared to control cells 
cultured with medium alone (Fig 5.6A). Furthermore, the effect of WNT2B was also 
examined under conditions that was previously shown to promote hMSC 
photoreceptor differentiation (Chapter 4) using a combination of growth factors; 
FGF-2, taurine, retinoic acid and Insulin-like Growth factor 1 (FTRI) as well as shown 
to upregulate the canonical Wnt signalling pathway. Culture of hMSC cells 
undergoing photoreceptor differentiation significantly increased HBEGF mRNA 
expression (p<0.05) when compared to control cells (Fig 5.6B). However, the 
addition of WNT2B ligand to these cells undergoing photoreceptor differentiation did 
not cause any changes to the mRNA expression of HBEGF as compared to FTRI 
alone (Fig 5.6B).  
 
Interestingly, when tankyrase inhibitor XAV-939 (10 nM), known to downregulate β-
catenin by stabilizing Axin proteins (Huang et al., 2009), were added to hMSC 
cultures undergoing photoreceptor differentiation, the upregulation in the HBEGF 
mRNA expression caused by FTRI (p<0.05) was inhibited in these cells as 
compared to cells cultured with FTRI alone (Fig 5.7A). This inhibition was further 
confirmed by immuno-cytochemical analysis, which also showed a significant 
decrease in the number of cells expressing HBEGF (p<0.05) proteins in hMSC 
cultured with FTRI in the presence of XAV-939 (p<0.05) (Fig 5.7B). Therefore, the 
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present results suggest that HBEGF is upregulated during hMSC photoreceptor 
differentiation and that the downregulation of canonical Wnt signalling 
downregulates it in hMSC. 
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Figure 5.6 Effect of soluble WNT2B on the expression of HBEGF by hMSC  cultured in 
the presence or absence of FTRI A) hMSC cultured with recombinant WNT2B (100 ng/ml) 
did not show differences in the expression fo HBEGF mRNA as compared to control cells; 
n=4. B) Culture of hMSC with FTRI for 7 days caused a significant increase in the expression 
of HBEGF mRNA, and addition of WNT2B to cells cultured with  FTRI did not modify the 
effect of these factors on the mRNA expression of this factor; n=3. Histograms represent the 
mean + SEM of the optical density of gel bands normalized to β-actin. Representative gel 
bands are shown on the right side above the histograms. 
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Figure 5.7 Effect of β-catenin inhibition on HBEGF expression during hMSC 
photoreceptor differentiation (A) As previously shown, culture of hMSC with FTRI for 7 
days caused a significant increase in the expression of HBEGF mRNA. Addition of tankyrase 
inhibitor XAV-939 which blocks β-catenin, to cells cultured with FTRI decreased the 
upregulation of HBEGF; n=6.Student’s t- test. ***p<0.01 v. control; *p<0.05 FTRI v. 
FTRI+XAV939. Histograms represent the mean + SEM of the optical density of gel bands 
normalized to β-actin. Representative gel bands are shown on the right side above the 
histograms. (B) Confocal images confirmed the increase in HBEGF protein expression in 
hMSC cultured with FTRI, whilst this increase in HBEGF proteins was blocked when XAV-
939 was cultured with the presence of FTRI in hMSC. (Alexa 488, green). Cell nuclei 
counterstained with DAPI (blue). Scale bars 50m.  Histograms on the right represent the 
proportion of cells immunostaining for each of the markers following 7 day culture under the 
different conditions; n=3. ANOVA test, *P<0.05. 
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5.3.3 Downregulation of HBEGF required for photoreceptor 
differentiation inhibits hMSC photoreceptor differentiation. 
 
After observations that FTRI, which induces photoreceptor differentiation of hMSC, 
causes upregulation of HBEGF (Fig 5.7 and Fig 5.8A), we investigated whether 
HBEGF is essential for photoreceptor differentiation in hMSC. The effect of a specific 
HBEGF inhibitor CRM197 (Dateoka et al., 2012) was examined on hMSC cultured 
with FTRI . It was observed that 10 μg/ml of CRM197, a concentration chosen based 
on previous reports published in the literature (Hu et al., 2015)  caused a significant 
decrease in the mRNA expression of HBEGF (p<0.05) in these cells as compared 
to cells treated with FTRI alone (Fig 5.8B). Furthermore, when the HBEGF inhibitor 
CRM197 was cultured with hMSC undergoing photoreceptor differentiation, a 
decrease in the mRNA expression of photoreceptor markers NR2E3 (p<0.05) and 
recoverin (p<0.05) were observed in these cells, as compared to control cells (Fig 
5.9A and Fig 5.9B). In addition, a decrease in the immuno-cytochemical staining for 
recoverin protein in hMSC cultured with CRM197 in the presence of FTRI was 
observed when compared to FTRI alone (Fig 5.9C). In contrast, culture of these cells 
undergoing photoreceptor differentiation with recombinant HBEGF (100ng/ml) 
resulted in a significant upregulation of these photoreceptor markers (p<0.05 for 
NR2E3 and recoverin respectively) when compared to control cells (Fig 5.10A and 
Fig 5.10B). This was confirmed by an increase in the immune-cytochemical staining 
for recoverin protein under these conditions (Fig 5.10C).   Therefore, the present 
results suggest that HBEGF is essential for photoreceptor differentiation of human 
Müller stem cells. 
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Figure 5.8 Effect of FTRI and HBEGF inhibitor CRM197 on HBEGF mRNA expression 
in hMSC. A) Culture of hMSC with FTRI for 7 days caused a significant increase in the 
expression of HBEGF mRNA; n=6-11. Student’s t- test. ***p<0.001 v. control. B) Addition of 
CRM197 to cells cultured with FTRI caused a significant decrease in the HBEGF mRNA 
expression. Student’s t- test. *p<0.05 v. control. Histograms represent the mean + SEM of 
the optical density of gel bands normalized to β-actin. Representative gel bands are shown 
on the right side above the histograms. 
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Figure 5.9 Effect of the HBEGF inhibitor CRM197 on the photoreceptor differentiation 
of hMSC. (A) Culture of hMSC with FTRI for 7 days caused a significant increase in the 
expression of NR2E3 mRNA, whilst addition of HBEGF inhibitor CRM197 in the presence of 
FTRI decreased the upregulation of HBEGF; n=6. Student’s t- test. *p<0.05 v. control; 
*p<0.05 FTRI v. FTRI+CRM197. (B) Similarly, hMSC cultured with FTRI for 7 days caused 
a significant increase in the expression of recoverin mRNA, whilst addition of HBEGF 
inhibitor CRM197 in the presence of FTRI decreased the upregulation of recoverin; n=6. 
Student’s t- test. **p<0.01 v. control; *p<0.05 FTRI v. FTRI+CRM197. Histograms represent 
the mean + SEM of the optical density of gel bands normalized to β-actin. Representative 
gel bands are shown on the right side above the histograms. (C) Confocal images confirmed 
that addition of CRM197 to hMSC cultured in the presence of FTRI caused a decrease in the 
expressions of recoverin which is upregulated by FTRI alone (Alexa 488, green). Cell nuclei 
counterstained with DAPI (blue). Scale bars 50m 
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Figure 5.10 Effect of HBEGF on photoreceptor differentiation in hMSC. (A) Culture of 
hMSC with FTRI for 7 days caused a significant increase in the expression of NR2E3 mRNA, 
whilst addition of exogenous HBEGF in the presence of FTRI significantly increased NR2E3 
mRNA expression as compared to FTRI alone; n=6-11. Student’s t- test. **p<0.01 v. control; 
*p<0.05 FTRI v. FTRI+HBEGF. (B) Culture of hMSC with FTRI for 7 days caused a 
significant increase in the expression of recoverin mRNA, whilst addition of exogenous 
HBEGF in the presence FTRI also increased the mRNA expression of recoverin further as 
compared to FTRI alone; n=6-11. Student’s t- test. ***p<0.001 v. control; *p<0.05 FTRI v. 
FTRI+HBEGF. Histograms represent the mean + SEM of the optical density of gel bands 
normalized to β-actin. Representative gel bands are shown on the right side above the 
histograms. (C) Confocal images showed an increase in the expressions of recoverin in 
hMSC cultured in the presence of FTRI alone or with HBEGF as compared to the controls. 
(Alexa 488, green). Cell nuclei counterstained with DAPI (blue). Scale bars 50m.   
 
 
. 
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5.3.4 HBEGF upregulates components of the Notch signalling pathway 
 
The interaction between HBEGF and the Notch signalling pathway has been shown 
in zebrafish and cancer cell lines (Wan et al., 2012, Diaz et al., 2013). As both of 
these signalling pathways play important roles during Müller glia induced retinal 
regeneration in zebrafish, we examined the effect of HBEGF on the mRNA and 
protein expression of components of the Notch signalling pathway.  Culture of two 
different Müller glia cell lines MIO-M1 and 6387 in the presence of HBEGF (100 
ng/ml) induced an increase in the mRNA expression of the Notch downstream 
signalling target HES1 (p<0.01 for MIO-M1 and p<0.05 for 6387 cell lines) as 
compared to control cells (Fig 5.11A and Fig 5.11B). Culture of these cells with 
HBEGF also caused an increase in the protein expression of HES1 (p<0.01) and 
the Notch intracellular cytoplasmic domain (NICD) (p<0.05) in these two cell lines 
respectively (Figs 5.12A and Fig 5.12B). In addition, this was further confirmed by 
the immuno-cytochemical results that showed an increase expression of HES1 
proteins in hMSCs cultured with HBEGF (100 ng/ml) as compared to control cells 
cultured with medium alone (Fig 5.12C).  
 
When these hMSC were cultured with -secretase inhibitor RO429097 (0.5 μM), it 
was observed that this inhibitor significantly decreased the mRNA expression of 
HES1 (p<0.01) as compared to control cells (Fig 5.13A). Furthermore, It was also 
shown that the Notch inhibition in these hMSC caused downregulation of HBEGF 
mRNA expression (p<0.01) as compared to control cells (Fig 5.14B). Addition of 
HBEGF (100 ng/ml) to hMSC cultured with RO4929097 did not modify the 
downregulation of HES1 mRNA expression caused by the Notch inhibitor alone (Fig 
5.14B). Similar result where there was no change in protein expression was obtained 
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from  immune-cytochemical staining for HES1 in hMSC cultured with HBEGF in the 
presence of RO4929097 as compared to RO4929097 alone (Fig 5.14B). Taken 
together, these findings indicate that, whilst HBEGF alone promote HES1 
upregulation, it is unable to modify HES1 downregulation in the presence of a Notch 
inhibitor in hMSC. 
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Figure 5.11 The effect of HBEGF on the mRNA expression of the Notch downstream 
target HES1 in hMSCs. (A) Culture of MIO-M1 cells with HBEGF caused an increase in 
mRNA coding for the  Notch downstream target HES1 as compared to control cells; n=3. 
Student’s t- test. **p<0.01 v. control. (B) Culture of 6387 cells with HBEGF also caused an 
increase in mRNA expression of HES1 as compared to control cells; N=3. Student’s t-test. 
*p<0.05 v. control. Histograms represent the mean + SEM of the optical density of gel bands 
normalized to β-actin. Representative gel bands are shown on the right side above the 
histograms. 
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Figure 5.12 Effect of HBEGF on the Notch downstream target HES1 and the Notch 
intracellular domain (NICD) in hMSCs. (A) Western blot analysis of MIO-M1 cells cultured 
with HBEGF showed an increase in protein  expression coding for the  Notch downstream 
target HES1 as compared to control cells; n=4. Student’s t- test. **p<0.01 v. control. (B) 
Similarly, culture of 6387 cells with HBEGF also caused an increase in expression of NICD 
protein as compared to control cells; N=3. Student’s t-test. *p<0.05 v. control Histograms 
represent the mean + SEM of the optical density of gel bands normalized to β-actin. 
Representative gel bands are shown on the right side above the histograms. (C) Confocal 
images confirmed that hMSC cultured in the presence of HBEGF showed an increase in the 
expression of HES1 protein expression (Alexa 488, green). Scale bars 50m. 
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Figure 5.13 The effect of Notch inhibition on HBEGF mRNA expression in hMSC.  A) 
Culture of MIO-M1 cells with R0492907 caused a decrease in mRNA expression coding for 
the  HES1 as compared to control cells; n=4. Student’s t- test. **p<0.01 v. control. B) MIO-
M1 cells cultured with R0492907 caused a decrease in HBEGF mRNA expression as 
compared to control cells; n=4. Student’s t- test. **p<0.01 v. control. Histograms represent 
the mean + SEM of the optical density of gel bands normalized to β-actin. Representative 
gel bands are shown on the right side above the histograms. 
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Figure 5.14 Effect of HBEGF on HES1 expression in hMSC.  (A) Culture of hMSC with 
RO4929097 for 7 days caused a significant decrease in the expression of HES1 mRNA, 
whilst addition of HBEGF in the presence of RO4929097 did not modify the effect of 
RO2929097 on the expression of this gene . n=3. Student’s t- test. *p<0.05 v. control; 
*p<0.05 FTRI v. FTRI+CRM197. Histograms represent the mean + SEM of the optical 
density of gel bands normalized to β-actin. Representative gel bands are shown on the right 
side above the histograms. (B) Confocal images showed that addition of HBEGF to hMSC 
cultured in the presence of RO4929097 did not modify a decrease in the HES1 protein 
expression which is induced by RO4929097 alone (Alexa 488, green). Cell nuclei 
counterstained with DAPI (blue). Scale bars 50m. Histograms on the right represent the 
proportion of cells immunostaining for each of the markers following 7 day culture under the 
different conditions; n=3. ANOVA test, *P<0.05. 
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5.4 Discussion 
 
 
HBEGF has been shown to play an important regenerative role in the adult zebrafish 
by initiating retinal regeneration following injury (Wan et al., 2014, Wan et al., 2012). 
HBEGF promotes Müller glia progenitor proliferation in the damaged retinae across 
species including zebrafish (Wan et al., 2012), chick and mice in vivo (Todd et al., 
2015), as well as in human cells in vitro (Hollborn et al., 2005) 
Furthermore, various studies in the literature have highlighted the interaction 
between HBEGF and Wnt or Notch signalling pathways in various cell types, 
including intestinal stem cells, zebrafish Müller glia and cancer cells (Chen et al., 
2014, Wan et al., 2012, Diaz et al., 2013). However, there have not been any studies 
investigating the interaction of these pathways on hMSCs. 
 
The present results in this chapter demonstrated that the addition of exogenous 
recombinant HBEGF to two different hMSC lines in culture (MIO-M1 and 6387) 
resulted in downregulation of the expression of canonical Wnt signalling pathway 
components in these cells. This was shown by a decrease in the expression of active 
β –catenin and mRNA expressions of the Wnt target genes WISP-1 and DKK1 (Fig 
5.4 and 5.5). This contrasts with the observations by others in the literature that 
injured adult zebrafish retina increased expression of HBEGF and that this led to the 
promotion of Wnt signalling components such as β -catenin and subsequent retinal 
progenitor proliferation (Wan et al., 2012). One of the possible reasons for the 
differences in the regulation of Wnt signalling pathway by HBEGF in hMSCs as 
compared to that of zebrafish could be attributed to the fact that these cell lines are 
already found in a proliferative stem cell-like state in vitro (Lawrence et al., 2007). 
Thus, there is no need for HBEGF to induce canonical Wnt signalling for proliferation 
of these cell lines. In contrast, following retinal injury, the adult zebrafish Müller glial 
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cells require proliferation of these MG derived progenitors in order to generate and 
replace the damaged retinal cells (Wan et al., 2012).   
 
When human Müller stem cells were cultured in the presence of combinatory factors 
that induce photoreceptor differentiation; ie, FGF-2, taurine, retinoic acid and Insulin 
like growth factor-1 (FTRI), an upregulation in the mRNA expression of HBEGF was 
observed (Fig 5.8). Retinoic acid has been shown to upregulate HBEGF mRNA 
expression as reported in studies of retinoid induced epidermal hyperplasia in 
human skin in vivo (Rittie et al., 2006). Furthermore, IGF-1 has also been shown to 
interact with HBEGF, resulting in shedding of the extracellular domain of HBEGF 
and subsequently transactivating the EGFR (Zhou et al., 2006). Addition of WNT2B 
alone or in the presence of FTRI did not modify the mRNA expression of HBEGF in 
these cells (Fig 5.6). However, when β-catenin was inhibited by the tankyrase 
inhibitor XAV-939 in the presence of FTRI, the increased in HBEGF mRNA 
expression induced by FTRI was diminished. Wan et al., observed that the inhibition 
of canonical Wnt signalling by pharmacological inhibitor pyrvinium prevented the 
HBEGF induced formation of Müller glia progenitors in the zebrafish.   This is in 
agreement with the present result which show that photoreceptor differentiation of 
hMSCs require both HBEGF and canonical Wnt signalling pathway (Fig 5.7). 
Furthermore, when HBEGF was inhibited using a specific inhibitor CRM197 in hMSC 
undergoing photoreceptor differentiation, a decrease in the expression of 
photoreceptor markers NR2E3 and recoverin were observed (Fig 5.9), whilst 
addition of HBEGF to these cells increased the mRNA expression of these markers 
(Fig 5.10).  
 
In addition, it was found that the addition of HBEGF to hMSC cultures induced an 
upregulation of components of the Notch signalling pathway (Fig 5.11 and Fig 5.12). 
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This was shown by the increase in the protein and gene expressions of the Notch 
signalling target HES1 and the Notch intracellular cytoplasmic domain (NICD) in 
different hMSC lines. This result was in agreement to reports published in the 
zebrafish studies where it has been shown that both Wnt and Notch signalling 
pathways are downstream of the HBEGF and that components of the Notch 
signalling are upregulated when HBEGF is overexpressed during retinal damage 
(Wan et al., 2012). However, when HBEGF was added to these human Müller stem 
cells undergoing Notch inhibition, under these conditions HBEGF did not prevent the 
downregulation of the Notch target gene HES1 mRNA expression. This may suggest 
that the inhibition of Notch by -secretase inhibitors RO429097 may be more 
dominant than the effect induced by HBEGF as the concentration of RO4929097 
used in these experiments were higher than that of HBEGF or perhaps it may 
indicate that these two molecules trigger different pathways of activation at the 
receptor level.  
 
In summary, based on the results of this chapter there is an interaction between 
HBEGF and Wnt or Notch signalling pathways in human Müller stem cells in vitro as 
previously observed in the zebrafish (Wan et al., 2012). HBEGF downregulated the 
canonical Wnt signalling pathway in these hMSC, whilst activated canonical Wnt 
signalling by WNT2B ligand did not modify the mRNA expression of HBEGF. More 
importantly, it was observed that the presence of HBEGF was as essential as the 
canonical Wnt signalling pathway during the hMSC photoreceptor differentiation, as 
the inhibition of HBEGF by specific inhibitor CRM197 prevented this differentiation 
of hMSC. In addition, HBEGF upregulated the Notch signalling pathway in these 
hMSC similar to that seen in the zebrafish (Wan et al., 2012). 
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Chapter 6: General Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 180 
Endogenous regeneration is not seen in adult mammals, although it  can be induced 
in small rodents in early postnatal life by intraocular injection of growth factors (Del 
Debbio et al., 2010). A population of Müller glia with neural stem cell characteristics 
can be isolated from the adult human retina (Lawrence et al., 2007) and through the 
application of growth factors and suitable medium, they can be induced to 
differentiate into retinal neurons in vitro (Singhal et al., 2012). These findings 
suggest that these hMSC may have the potential to regenerate the retina in vivo, but 
that mechanisms which prevent this ability may have developed in adult mammals.  
 
Individually, Wnt and Notch signalling play important roles in retinal development 
and the maintenance of adult MSCs across species. Wnt signalling inhibition results 
in CMZ retinal progenitor differentiation (Kubo et al., 2003), and continuous 
stimulation of the canonical Wnt signalling pathway leads to larval zebrafish 
photoreceptor differentiation (Meyers et al., 2012).  Notch signalling inhibition results 
in Müller glia derived neuronal differentiation in both the zebrafish in vivo (Wan et 
al., 2012)  and in hMSC in vitro (Singhal et al., 2012). Furthermore, co-stimulation 
of Notch and Wnt signalling pathways promote Müller glia derived progenitor 
proliferation and differentiation in the adult rat eye (Del Debbio et al., 2010). On this 
basis, one of the main aims of this thesis was to clarify the involvement of these 
pathways in the differentiation of human Müller stem cells into RGC and 
photoreceptors in vitro.   
 
Factors such as TGFβ and HBEGF have been shown to play important roles during 
zebrafish retinal regeneration. In the injured zebrafish, HBEGF was identified to 
initiate MG derived retinal regeneration and to promote activation of both the Notch 
and Wnt signalling pathways (Wan et al., 2012). By contrast, increased in TGFβ 
signalling prevented this regenerative process, suggesting that expression levels of 
 181 
either of these factors may interfere with the regenerative ability of MG in the 
zebrafish (Wan et al., 2012, Lenkowski et al., 2013, Qin et al., 2009).  Therefore, it 
was important to understand the role of these factors on the Notch and Wnt 
signalling pathways in human Müller stem cells, and on the induction of neuronal 
differentiation of these cells in vitro. 
 
 
6.1 Effect of Notch inhibition on Wnt signalling and the expression 
of RGC markers in hMSC 
 
The results provided in this thesis demonstrate that the -secretase inhibitors 
RO429097 or DAPT induce downregulation of the Notch signalling pathway in most 
hMSC cultures. This was demonstrated by a decrease in the expression of mRNA 
and protein coding for the Notch primary target HES1. This was further accompanied 
by upregulation of the RGC marker BRN3A/B, which is in agreement with previous 
reports that Notch inhibition causes RGC differentiation of these cells (Singhal et al., 
2012, Becker et al., 2013). However, addition of TGFβ to hMSC MIO-M1 cultures 
undergoing RGC differentiation did not modify the expression of Notch target gene 
HES1 and RGC marker BRN3A/3B. Thus, as a future work, other hMSC cell lines 
undergoing RGC differentiation could be cultured with TGFβ1. Given the importance 
of TGFβ and Notch signalling during Müller glia derived neural differentiation in other 
species, it is possible that both these pathways may regulate hMSC RGC 
differentiation by interacting with other signalling pathways such as the Wnt 
pathway.  Thus, the effect of TGFβ on hMSC RGC differentiation by interacting with 
other signalling pathways could be explored in future studies. Also, TGFβ signalling 
could be more important during early stages of hMSC RGC differentiation to regulate 
hMSC cell proliferation as reported in the zebrafish (Qin et al., 2009, Lenkowski and 
Raymond, 2014). Therefore, microarray studies using hMSC undergoing RGC 
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differentiation cultured with TGFβ at various time points can be performed to 
understand the expression pattern in these cells.  
 
The -secretase inhibitor RO4929097 downregulated the components of the 
canonical Wnt signalling including WNT2B, WISP-1, AXIN2 or DKK1 in hMSC cell 
lines MIO-M1 and 6387 respectively, agreeing with the results previously observed 
in the zebrafish (Ramachandran et al., 2012). However, no changes in WNT2B 
occurred in cell lines 6426 and 6391. Similarly, non-canonical Wnt ligand WNT5B in 
hMSC was only downregulated in MIO-M1 cells, but not in 6387.  The variability 
observed in the effect of -secretase inhibitor on various hMSC lines may be 
attributed to the different condition of the donor tissues when used for isolating these 
cells. Therefore, although all hMSC lines retain various signalling pathways including 
the Wnt pathway, involved in stem cell differentiation and proliferation, but each cell 
line may possibly vary in the way these pathways can be modulated within these 
different hMSC lines. Taken together, the present results suggest the possible 
existence of a crosstalk between the components of Wnt and Notch signalling 
pathways in cultured hMSC. Moreover, the downregulation of the canonical Wnt 
signalling pathway may play an important role during hMSC RGC differentiation. 
Further experiments using canonical Wnt inhibitors to hMSC cultured with 
RO4929097 will be required to test this hypothesis. Additionally, as a future study, it 
would be interesting to use this inhibitor and growth factor to retinal explants and 
analyse RGC or photoreceptor markers in retinal sections. Furthermore, these 
factors could also be injected in the damaged retina of newly born mice and the 
retinal cell markers analysed.  
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 6.2 TGFβ modulates the expression of WNT signalling components 
in human Müller stem cells 
 
 
Most retinal degenerative conditions that lead to blindness, including inflammatory, 
pro-angiogenic and dystrophic retinal diseases, have been associated with 
abnormal proliferation of Müller glia that does not lead to repair but to the formation 
of glial scarring (Bringmann et al., 2009). Many of these conditions are also 
accompanied by local increased production of pro-inflammatory factors such as 
TGFβ (Guo et al., 2014, Wang et al., 2013, Paine et al., 2012), which may potentially 
modify the neural progenicity of hMSC. During early development, TGFβ has been 
shown to synergize or antagonize with Wnt proteins, a family of highly conserved 
secreted signalling molecules that regulate cell-to-cell interactions (Nishita et al., 
2000, Satterwhite and Neufeld, 2004, Tuli et al., 2003).   
 
Activation of the canonical Wnt signaling by TGFβ has been shown to mediate 
fibrosis (Akhmetshina et al., 2012), and cooperation between TGFβ and Wnt 
signaling pathways are known to play a role in controlling developmental events 
such as the regulation of osteoblast differentiation of human mesenchymal stem 
cells (Zhou, 2011). Although interaction of these signalling pathways in fish and 
amphibians as well as small mammals during development and adult regeneration 
are documented, there is no knowledge about the interaction of these factors in the 
human Müller stem cells. On this basis, we investigated the role of TGFβ1 on the 
regulation of the Wnt signalling pathway in hMSC by examining the effect of this 
factor on the expression of the DKK1 and WNT2B and WNT5B ligands, previously 
shown to be expressed by mammalian Müller glial cells (Yi et al., 2007), as well as 
on the phosphorylation of β-catenin. 
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The results showed that TGFβ caused in vitro downregulation of the canonical Wnt 
signalling pathway in hMSC. This was demonstrated by a decrease in the 
expression of canonical Wnt signalling components WNT2B, DKK1 and active β-
catenin cultured with this factor. Activation of the TGFβ and Wnt signalling pathways 
require the expression of specific receptors on the cell surface, and as previously 
shown, mammalian Müller glia express TGFβ and Wnt receptors and their ligands 
(Ikeda et al., 1998, Yafai et al., 2014, Liu et al., 2013, Yi et al., 2007), for which it is 
possible that activation of these pathways may trigger the neurogenic properties of 
human Müller glia as observed in other species. By contrast, non-canonical Wnt 
component WNT5B mRNA and protein expressions were increased by TGFs. The 
non-canonical Wnt signalling mediated by ligands such as WNT5B is known to 
inhibit canonical Wnt signalling by acting on β-catenin (Stoick-Cooper et al., 2007). 
Thus, in hMSCs it may be possible that TGFβ signalling can regulate the canonical 
Wnt signalling pathway by increasing the expression levels of non-canonical Wnt 
signalling ligands such as WNT5B and subsequently inhibiting the canonical Wnt 
signalling pathway. Therefore, further investigations into the effect of non-canonical 
Wnt signalling ligands such as WNT5B on the downstream canonical Wnt signalling 
components in hMSC may give light into the involvement of this pathway. 
Furthermore, to understand whether these findings are limited to in vitro conditions, 
the next step would be carrying out similar experiments under ex-vivo conditions or 
in animal models of retinal degeneration. 
Furthermore, the effect of inhibition of TGFβ signalling on the Wnt signalling pathway 
was examined by using SB431542, an inhibitor of TGFβ type I receptor (ALK5) 
which selectively blocks the SMAD 2/3 dependent pathway (Inman et al., 2002) and 
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JNK inhibitor SP600125, which blocks SMAD independent pathway mediated 
through JNK transcription factor (Bennett et al., 2001). SB431542 antagonized the 
effect of this factor on the downregulation of WNT2B and the upregulation of 
WNT5B, whilst there was no observed alteration on the modulation of both ligands 
by TGFβ1 following the addition of the JNK inhibitor.  These results indicate that 
modulation of the expression of WNT2B and WNT5B by TGFβ1 is caused by SMAD 
signalling activation.  These findings suggest that TGFβ signalling may regulate the 
neurogenic ability of human Müller stem cells by modulating the components of the 
Wnt signalling pathway.    
 
6.3 Role of Wnt Signalling on the photoreceptor differentiation of  
human Müller glial stem cells and their modulation by TGFβ1 
 
The spontaneous retinal regeneration observed in zebrafish has been ascribed to 
the ability of a population of Müller glia to de-differentiate and become progenitors 
that give rise to retinal neurons (Bernardos et al., 2007). Although Müller glia de-
differentiation into retinal progenitors has not been demonstrated in vivo in the 
human eye, a population of Müller glia able to proliferate indefinitely in vitro has been 
identified (Lawrence et al., 2007). Unlike their inability to regenerate the human 
retina in vivo, when cultured with selective growth and differentiation factors these 
cells can be induced to acquire characteristics of retinal neurons (Lawrence et al., 
2007, Singhal et al., 2012) The reasons why Müller glia do not regenerate the adult 
human retina are not known, but it is possible that factors produced in adult life or 
during degenerative diseases may prevent these cells from exerting these functions 
in vivo.   
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The results obtained in this thesis show that culture of human Müller stem cells with 
a combination of factors, FGF2, taurine, retinoic acid and Insulin-like growth factor 
1; FTRI induces a differentiation of human Müller stem cells towards photoreceptors, 
which is in accordance with previous reports (Jayaram et al., 2014). This was 
demonstrated by mRNA as well as protein expression by immuno-cytochemical 
staining of the photoreceptor markers NR2E3 and recoverin.  Furthermore, the result 
showed that FTRI upregulated the expression of genes and proteins of canonical 
Wnt signalling pathway components such as WNT2B, β–catenin and DKK1. The 
involvement of canonical Wnt signalling during hMSC photoreceptor differentiation 
was demonstrated by inhibiting this pathway using pharmacological inhibitor XAV-
939. This prevented hMSC photoreceptor differentiation, agreeing to reports in other 
species, where continuous activation of canonical Wnt signalling induce generation 
of rhodopsin positive cells from Müller glia in mice (Liu et al., 2013). This is further 
supported by the demonstrations that continuous activation of canonical Wnt 
signalling pathway after acute injury in larval zebrafish also promotes the generation 
of neuronal progenitors from Müller glia (Meyers et al., 2012). Furthermore, addition 
of TGFβ to cells undergoing human MG photoreceptor differentiation prevented their 
differentiation, as shown by lack of NR2E3 and recoverin mRNA expression, as well 
by the lack of immunostaining for these molecules. The present results are in 
agreement with that observed by Lenkowksi et al., 2013 in the adult zebrafish, where 
TGFβ signaling, mediated through Smad 2/3 and controlled by the transcriptional 
co-repressors tgif1 and six3b, has also been demonstrated to downregulate Müller 
glia derived photoreceptor regeneration (Lenkowski et al., 2013). Therefore, further 
investigations into the crosstalk between the Wnt signalling and TGFβ signaling in 
the regulation of photoreceptor differentiation are merited. By building upon the in 
vitro results generated in this study, it would be important to examine whether similar 
effects can be induced in animal model studies or ex-vivo retinal explant cultures. In 
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addition, it would be important to investigate the downstream pathways common to 
both Wnt and TGFβ signalling pathways and identifying targets by selective 
downregulation using pharmacological inhibitors or small interfering RNAs.  
Furthermore, it would be interesting to examine how these hMSCs photoreceptor 
differentiation would be affected if the Wnt signalling pathway was ablated or 
whether TGFβ signalling would have any effect on the photoreceptor differentiation 
under these conditions.   
 
6.4 Effect of HBEGF on the Wnt and Notch signalling pathways in 
human Müller stem cells 
 
 
HBEGF is an important growth factor that act in an autocrine or paracrine manner 
using the EGF receptor (Hollborn et al., 2005) and induces Müller glia mediated 
progenitor proliferation in the damaged retinae across species such as zebrafish 
(Wan et al., 2012) and, chick and mice in vivo (Todd et al., 2015). HBEGF is highly 
expressed after retinal diseases such as Proliferative vitreoretinopathy (Hollborn et 
al., 2005). Moreover, in the retina injured zebrafish, HBEGF interacts with Wnt and 
the Notch signalling pathways to drive the Müller glial cells mediated retinal 
regeneration (Wan et al., 2012).  
 
Addition of recombinant HBEGF into hMSC culture decreased the canonical Wnt 
signalling pathway as judged by the decreased mRNA expression of WIN2B, WISP-
1 and DKK1 and β-catenin protein expression. As activation of canonical Wnt 
signalling was shown to promote hMSC photoreceptor differentiation (chapter 4), 
examinations of HBEGF mRNA expression under these conditions were performed. 
When canonical Wnt signalling was activated by WNT2B ligand, HBEGF mRNA 
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expression was not altered. However, FTRI induced hMSC photoreceptor 
differentiation that was shown to increase the canonical Wnt signalling (Chapter 4), 
also increased the HBEGF mRNA expression. By contrast, when hMSC 
photoreceptor differentiation was blocked using tankyrase inhibitor XAV-939 
(inhibits β-catenin) in hMSC undergoing photoreceptor differentiation, it also 
decreased the HBEGF mRNA expression upregulated by FTRI. Thus, the result 
suggests that although HBEGF downregulates canonical Wnt signalling in hMSC 
cultured with medium alone, HBEGF is upregulated when there is activation of 
canonical Wnt signalling during hMSC photoreceptor differentiation and is 
downregulated when canonical Wnt signalling is blocked. Therefore, future studies 
could be performed to identify targets the Wnt signalling pathway uses to regulate 
HBEGF mRNA expression during hMSC photoreceptor differentiation.  Interestingly, 
when a specific HBEGF inhibitor CRM197 was cultured with hMSC undergoing 
photoreceptor differentiation, it also prevented hMSC photoreceptor differentiation 
induced by FTRI. By contrast, addition of HBEGF to these cells undergoing 
differentiation promoted photoreceptor differentiation in vitro.  Taken together, the 
results suggest that the activation of both HBEGF and canonical Wnt signalling are 
required for hMSC photoreceptor differentiation. Using these results in conjunction 
with that of TGFβ signalling on hMSC photoreceptor differentiation, HBEGF along 
TGFβ inhibitors could be injected individually or in-combination in early postnatal 
P23H rats with retinal damage, animal model of primary photoreceptor degeneration 
to examine their effect on endogenous Müller glia derived photoreceptor 
regeneration.  
 
Addition of exogenous HBEGF alone cultured with hMSC increased the mRNA and 
protein expression of Notch signalling pathway components. This study is in 
agreement to other studies suggesting HBEGF acts upstream of the Notch signalling  
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pathway and activates Notch pathway through Ascl1a (Wan et al., 2012). However, 
when recombinant HBEGF was added to hMSC cultured with the -secretase 
inhibitor RO429097, no changes in the expression of these Notch components were 
observed. It is possible that the -secretase inhibitor RO429097 blocks cleavage of 
the Notch intracellular domain (NICD) longer period than effect induced by 
recombinant HBEGF. Thus, HBEGF may be unable to promote HES1 mRNA 
expression, which requires cleavage of NICD and translocation into the nucleus for 
gene transcription. Additionally, there is a possibility of the upstream activation of 
these pathways may involve sharing of molecules that once activated may not be 
immediately resynthesized to potentiate activation. Thus, future studies are required 
to confirm these hypotheses.  
 
 
 
Conclusion 
 
This study demonstrated the existence of crosstalk between the components of the 
Notch and Wnt signalling pathways in hMSC as that seen in other species such 
zebrafish and mice during retinal development and after injury. Thus, this study 
further adds evidence to the potential ability of hMSC to regenerate retina in vivo. In 
addition, the results suggest that TGFβ or HBEGF signalling can modulate the Notch 
or Wnt signalling pathways in human Müller stem cells. This study also suggest that 
through crosstalk and regulation of these pathways, neural differentiation of these 
human Müller stem cells induced by combination of growth factors, FTRI can be 
modulated. Further studies on the regulation of activation or inhibition of these 
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transcriptional regulators by factors may lead to the identification of small molecules 
with the ability to promote regeneration of the human retina. 
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Chapter 7: MATERIALS AND METHODS 
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7.1 Cell culture 
 
7.1.1 Müller stem cell culture and cryopreservation 
 
All cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL) 
containing 10% foetal calf serum (FCS) (Gibco-BRL) and penicillin/streptomycin 
(Cat no: 15140-122, Invitrogen, 5mls of solution containing 10,000 units penicillin 
and 10,000 ug streptomycin per 500mls of media) in a 37°C incubator with 5% CO2. 
Existing established Müller stem cell lines (MIO-M1, 6426, 6391 and 6387) at the 
institute of Ophthalmology were used (Lawrence et al., 2007). Cells were passaged 
by removing the media, while the cell monolayer was dissociated by incubation for 
5 minutes at 37°C  with 1ml of TrypLE (Invitrogen). At the end of the incubation, the 
cells were check under the light microscope to confirm dissociation (dissociated cells 
float). The cells were centrifuged at 1400 rpm for 5 minutes and then the supernatant 
was discarded. The cell pellet was suspended in 10% FCS containing DMEM 
(Dulbecco’s Modified Eagle Medium 1X with GlutaMAX, without sodium pyruvate, 
Invitrogen) to inactivate the TrypLE. Confluent monolayers were passaged in a 1 in 
5 dilution and maintained by similar passages once a week. T-75 flask  tissue culture 
flasks (BD Biosciences) were used. 
 
Cryopreservation was carried out by resuspending the cell pellet from a T-75 flask 
in 1ml of a freezing mix containing 40% FCS and 10% Dimethyl Sulfoxide (DMSO, 
Sigma-aldrich, UK) in DMEM. Cells were transferred to a cryovial and allowed to 
undergo controlled freezing in an isopropanol freezing container at -80°C for 24 
hours. The frozen cells were then transferred to liquid nitrogen (-150°C) for long-
term storage.  
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7.1.2 Culture of Müller stem cells with various growth factors 
7.1.2.1 Photoreceptor Differentiation 
 
Photoreceptor differentiation of hMSC was induced from passages 7 to 33 for the 
experiments. 2 x 105 cells were cultured on T-25 flask with the bottom coated with 
extracellular matrix proteins (ECM gel from Engelbreth-Holm-Swarm murine 
sarcoma, Sigma-Aldrich, UK). ECM was reconstituted to stock concentrations as per 
manufacturer’s instructions and stored at -20°C. Stock solutions were then diluted 
in a sodium bicarbonate buffer (15mM Na2CO3, 35mM NaHCO3, pH 9.6) to achieve 
solutions of working concentrations (50 μg/ml ECM gel). 1 ml of ECM gel solution 
was used per T-25 flask to cover the entire surface. Then, the flasks were either 
incubated overnight at 4°C or for 2 hours at 37°C. If incubated at 4°C, the plates 
were transferred to 37°C for an hour prior to use. The protein buffer was then 
completely aspirated and cells were cultured on this prepared surface. hMSC cells 
were cultured for 5-6 days in ECM gel coated flasks in the presence of 20ng/ml 
FGF2, 20μM taurine (Sigma Aldrich, UK), 5µM retinoic acid (Sigma Aldrich, UK) and 
100ng/ml IGF-1 (PeproTech, UK) (FTRI) (Jayaram et al., 2014).  
To investigate the effect of TGFβ1 on photoreceptor differentiation of hMSC, cells 
were cultured for 7 days in flasks coated with ECM gel (Sigma-Aldrich, UK) in the 
presence or absence of TGFβ1 (50 ng/ml) (PeproTech, USA) and factors known to 
induce the expression of photoreceptor cell markers .  
 
7.1.2.2 Inhibition or activation of the TGFβ and Wnt signalling 
pathways 
 
 
In selected experiments, hMSCs were stimulated with recombinant human TGFβ1 
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(PeproTech, USA) alone, or in combination with inhibitors of the TGFβ signalling 
pathway or β–catenin at the following concentrations: 10 μM  TGFβ type I receptor 
(ALK5) inhibitor SB431542 (Selleckchem, UK), 20 μM JNK inhibitor SP600125 
(Sigma-Aldrich, UK) and 10 nM tankyrase inhibitor XAV-939 (Selleckchem, UK). 
Furthermore, in order to investigate the effect of WNT2B and WNT5B on the 
expression of DKK1, hMSC were cultured with these recombinant proteins for 7 days 
at concentrations of 100 ng/ml (WNT2B, Abnova, UK) and 500 ng/ml (WNT5B, R&D 
Systems, UK).  
 
To assess the effect of HBEGF, cells were cultured for 7 days in flasks coated with 
ECM gel in the presence or absence of recombinant human HBEGF (100 ng/ml) 
(Peprotech, UK). To further investigate the role of this factor during photoreceptor 
differentiation, recombinant human HBEGF was added to hMSC undergoing 
photoreceptor differentiation by FTRI for 5-6days. In selected experiments, hMSCs 
were stimulated with FTRI in the presence of  specific HB-EGF inhibitor CRM197 
(10 μg/ml) (Reagent Proteins, USA). 
 
7.1.2.3 RGC Differentiation 
 
RGC differentiation was induced using hMSCs passages 7 to 33 for the 
experiments.  Similar to the photoreceptor differentiation protocol, 2 x 105 cells were 
cultured on T-25 flask coated with ECM gel (Sigma-Aldrich, UK). hMSCs were 
cultured doe 7 days in DMEM containing 2% FCS in the presence of the -secretase 
inhibitors  0.5 μM of RO4929097 (Selleckchem, UK) or 50 μM of  DAPT  (Sigma-
Aldrich, UK), previously shown to promote RGC differentiation (Singhal et al., 2012). 
Further, hMSCs were also cultured for 7 days in DMEM containing 2% FCS in the 
presence or absence of -secretase inhibitor RO4929097 (Selleckchem, UK) at log10 
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concentrations ranging from 0.0005-50 μM to investigate the effect of Notch 
inhibition at different concentrations. In selected experiments, these cells were also 
stimulated with recombinant human TGFβ 1 (50 ng/ml)  (PeproTech, USA) in the 
presence of -secretase inhibitor RO4929097 (0.5 μM) .To assess the effect of 
TGFβ1, cells were cultured for 7 days in the presence or absence of human 
recombinant TGFβf (PeproTech, USA) at log10 concentrations ranging from 0.1-100 
ng/ml. In addition, to examine the effect of HBEGF on hMSC on Notch inhibition and 
RGC differentiation, hMSCs undergoing RGC differentiation were cultured for 7 days 
with HB-EGF. 
 
7.1.3 Cell proliferation Assay 
 
In order to measure the effect of different growth factors or inhibitors on human 
Müller stem cell proliferation, the hexosaminidase assay was carried out which 
determines hexosaminidase levels (Landegren, 1984).  96 well plates were seeded 
with 3,000 cells per well (cell number obtained by growing cells on medium only) 
and cultured for 7 days at 37 recombiO2 in the presence of different factors or 
inhibitors. At day 7, the media was aspirated from the plates and rinsed with PBS. 
60μl of hexosaminidase substrate was transferred to each well and incubated for 4 
hours at 37°C. Addition of 90 μl of 0.1M glycine-sodium hydroxide buffer, pH 10.4 
was used to stop the reaction and the absorbance was read at 405nm in a 
Spectrophotometer with a blank reading taken at 620 nm. The absorbance values 
obtained at 405 nm (after taking into account blank reading at 620) were used as 
proliferation activity of the examined hMSC and were plotted against  various 
concentrations of RO4929097 (0.0005-50 μM) or TGFβ1 (0.01-100 ng/ml) as a line 
graph. Hexosaminidase substrate was made by adding 200mg of p-nitroph-Nacetyl-
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acetglucosaminide to 78ml of 0.1M Tris sodium citrate, adjusted to pH 5.0 and 78ml 
of 0.5% Triton X-100 in water.  
 
7.1.4 Cell Apoptosis Assay 
 
To investigate the effect of TGFβ1 on cell death, the Caspase-Glo 3/7 assay was 
performed. This test measured the activity of Caspase -3 and -7 (cysteine aspartic 
acid-specific protease), members of the caspase family that play a key role in 
mammalian cell apoptosis. 96 well plates were seeded with 3,000 cells per well (cell 
number obtained by growing cells on medium only) and cultured for 7 days at 37nt 
factors or inhibitors. At day 7, the media was aspirated from the plates and, 100 μe 
of a mixture containing Caspase-Glo 3/7 buffer and Caspase-Glo 3/7 substrate was 
transferred to each well and incubated for 1 hour at room temperature. At the end of 
this incubation the luminescence was read at each conditions (Control, negative 
control and TGFβ1(50 ng/ml)) and the obtained data values (relative luminescence 
unit) were presented as a column scatter plot.   
 
7.2 RT-PCR 
 
7.2.1 RNA isolation 
 
RNA isolation was performed using the RNeasy mini kit (Invitrogen) according to the 
manufacturer’s protocol. After removing the media, flasks were treated with 2 ml of 
TrypLE. Following 3 min incubation at 37°C, PBS was added to the flasks to facilitate 
cell removal. This was then transferred to a 15 ml tube. Cells were centrifuged at 
1400 rpm for 5 minutes. The cell pellet was resuspended in 350ul Buffer RLT 
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containing 3.5 ul β mercapto-ethanol (Sigma-Aldrich, UK) (part of the RNeasy Kit) 
to induce cell lysis. This solution was either used to isolate RNA immediately or 
stored at -80°C for later use. RNA isolation was performed as per manufacturer’s 
instructions. DNase (RNase-Free DNase Set, Qiagen, 79254) treatment was 
applied during RNA isolation to prevent any genomic DNA contamination. After 
elution of RNA from a column using RNAse free water (30 μl), the concentration of 
RNA was determined using a spectrophotometer (Nanodrop-1000, 
Thermoscientific). RNA samples were stored at -80 degrees and thawed on ice 
before use for RT- PCR. 
 
7.2.2 Reverse Transcription (RT) (First strand cDNA synthesis): 
 
RNA was transcribed into cDNA using reagents from various manufacturers.  
Depending on the yield, the amount of RNA used for the RT reactions varied from 
500ng-1μg. In all cases, when comparing samples within a given experiment, the 
same amounts of RNA were used for all the RT reactions. In each reaction, RNA 
was used to generate cDNA as follows. A 20 μl reaction mix was prepared containing  
5X First-strand buffer (Invitrogen, UK), 0.1 M DTT (Invitrogen, UK), 10mM dNTP mix 
(Promega, UK), oligo (dT)15 primer (Invitrogen, UK), RNase inhibitor (Promega, 
UK), Superscript reverse transcriptase III/ IV (Invitrogen, UK) and RNAse free water 
(as per kit instructions). The mix was vortexed and briefly centrifuged before transfer 
to a thermocycler. Incubations were carried out at 25 0C for 10 minutes, 42 0C for 60 
minutes, 990C for 5 minutes and 4 0C for 5 minutes. The resulting product was either 
used immediately in PCR reactions, or stored at -20 0C for future use. 
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7.2.3 PCR  
 
Expand high fidelity plus PCR system (Cat no # 03300226001, Roche Applied 
Biosciences) was used to carry out the PCR. For these studies, 20 μl reaction mix 
was prepared on ice using 1 μl of cDNA and mixed with reaction buffer, dNTP mix, 
primers, polymerase enzyme and water as per kit instructions. All primers were 
obtained from Eurofins, Invitrogen or Sigma in the desalted form and reconstituted 
to 100 μM concentration in Nuclease free water. Final primer concentration used in 
the reaction was 0.4 μM/ml. The PCR mix was thermocycled at 94 0C (initial 
denaturation) for 2 minutes, 940C for 30 seconds, annealing temperature for 30 s, 
72 0C for 1 minute (extension) and repeat from step 2 for 30 cycles before a final 
extension at 72 0C for 7 minutes and held at 4 0C. The cycling was performed using 
an Eppendorf mastercycler gradient thermocycler (#950000023, Eppendorf). 
Depending on the melting temperature of the primer  as well as through semi-
quantification from optimal expression curve PCR cycle numbers (30-36) were used.  
 
The PCR products were ran in 2% agarose gel containing 1: 10,000 dilution of Gel 
Red nucleic acid stain (Cambridge Biosciences, U.K.).  A 100 base-pair ladder 
(Promega, UK) was used to identify the product size. The agarose gels were ran at 
100V for 60 minutes, visualised under a UV light and images were captured using 
Genensnap advanced image acquisition software (Syngene). Image J software was 
used to analyse the bands for semi-quantification. To reduce variability between 
different images captured for the same condition, each image was processed by 
using “inverted” and “subtract background” before semi-quantification. The optical 
density of each band was normalised by dividing the optical density of the sample 
by the optical density of its corresponding control gene (β-actin) band and expressed 
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as relative mRNA expression. Histograms were generated to represent the pixel 
intensities of each band. 
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Table 7.1: Primer sequences used for RT-PCR  
Gene Accession 
No. 
Sequence Tm 
(°C) 
Product 
size 
(bp) 
β-actin 
 
NM_001101 (F) CATGTACGTTGCTATCCAGGC 
(R) CTCCTTAATGTCACGCACGAT 
60 250 
WNT2B NM_004185.3 (F) GACGGCAGTACCTGGCATAC 
(R) CTCCTTAATGTCACGCACGAT 
58 188 
WNT3A NM_033131.3 (F) AGATGGTGGTGGAGAAGCAC 
(R) GTAGCAGCACCAGTGGAACA 
58 290 
WNT5B NM_032642.2 (F) TTCTGACAGACGCCAACTC 
(R) TGACTCTCCCAAAGACAGATG 
58 264 
WNT8B NM_003393.3 (F) CCATGAACCTGCACAACAA 
(R) TGAGTGCTGCGTGGTACTTC 
58 174 
WNT11 NM_004626.2 (F) TGACCTCAAGACCCGATACC 
(R) GCTTCCGTTGGATGTCTTGT 
58 214 
FZD1 NM_003505.1 (F) AGACCGAGTGGTGTGTAATGA 
(R) ATACTGTGAGTTGGCTTCGAT 
60 
 
253 
FZD4 NM_012193 (F) AACTTTCACACCGCTCATC 
(R) CAGCATCATAGCCACACTTG 
55 391 
FZD5 NM_003468.3 (F) TTCTGGATAGGCCTGTGGTC 
(R) CGTAGTGGATGTGGTTGTGC 
60 214 
FZD7 NM_003507 (F) GCTCTTTACCGTTCTCACCTA 
(R) CAGGATAGTGATGGTCTTGAC 
55 
 
388 
DKK1 NM_012242.2 (F) CCTTGAACTCGGTTCTCAATTCC 
(R) CAATGGTCTGGTACTTATTCCCG 
 
60 138 
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Gene 
 
Accession 
No. 
 
Sequence 
 
Tm 
(°C) 
 
Product 
size(bp) 
Rhodopsin 
NM_000539 
 
(F) GCTTCCCCATCAACTTCCTCA 
(R) AGTATCCATGCAGAGAGGTGTAG 
 
 
60 
 
156 
NR2E3 
 
NM_014249.3 (F) GGCGTGGAGTGAACTCTTTC 
(R) CTGGCTTGAAGAGGACCAAG 
58 
 
230 
IRBP NM_002900 (F)  CTGGTCATCTCCTATGAGCCC 
(R) CAGGAACTCCCCCATCATGC 
60 195 
Recoverin NM_002903 
 
(F) AGCTCCTTCCAGACGATGAA 
(R) CAAACTGGATCAGTCGCAGA 
60 150 
Blimp1 
 
NM_001198.3 
 
 
(F) GCCAAGTTCACCCAGTTTGT 
(R) GATTCGGGTCAGATCTTCCA 
 
58 
 
183 
 
HES1 NM_005524.2 (F) AAGATAGCTCGCGGCATTCCA 
(R) CGTTCATGCACTCGCTGAAG 
 
54 160 
HBEGF NM_001945.2 (F) TTCTGGCTGCAGTTCTCTCG 
(R)  AAGTCACGGACTTTCCGGTC 
56 159 
AXIN2 
 
NM_004655.3 
 
(F)  AGCCAAAGCGATCTACAAAAGG 
(R)  AAGTCAAAAACATCTGGTAGGCA 
54 188 
WISP-1 
NM_00120487
0.1 
(F) CTTCTCCCTTGTCCTGCTTG 
(R) TGGGTCTCTCAAGGCTCTGT 
60 121 
BRN3B NM_004575.2 
 
(F)  CGTGGACATCGTCTCCCAG 
(R)  CGGGATGGTATTCATAGTGTGG 
 
54 100 
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7.3 Western Blotting 
 
7.3.1 Protein isolation 
 
 
Cell monolayers were treated with TrypLE and centrifuged to obtain a cell pellet. The 
pellet was either resuspended in lysis buffer for protein preparation or immediately 
frozen at -80°C for future use. For lysis, cells were treated with Radio Immuno 
Precipitation Assay (RIPA) buffer containing a protease inhibitor cocktail (Sigma-
Aldrich, UK)-10 μl per ml of buffer, Dithiothreitol (DTT) 0.5 mM, Phenyl Methyl 
Sulfonyl Fluoride (PMSF) 1mM and Sodium Orthovanadate 3mM.  
 
The cell pellet was resuspended in ice cold lysis buffer (a minimum of 50 μl, usually 
100 μl for a T75 flask), pipetted thoroughly and vortexed vigorously to obtain a 
homogenous suspension. The suspension was placed on ice for 5 minutes to allow 
cell lysis to complete, followed by centrifugation for 5 minutes at 10,000 rpm to pellet 
cell debris. The cleared supernatant containing the proteins of interest was collected.  
 
7.3.2  Determination of protein concentration   
 
Using Pierce BCA (bicinchoninic acid) Protein Assay Kit (Thermo fisher scientific), 
the protein concentration was estimated.  The colorimetric reagent containing 
Reagent B Cupric sulfate and Reagent A with bicinchoninic acid was diluted 1 in 50. 
10 μl of protein (diluted 1:2 with RIPA buffer) was added to 200 μl of the colorimetric 
reagent per sample in 96 well plates (Thermo fisher scientific). The plate was 
vortexed briefly before incubation at 370C for 30 minutes. The peptide bond from 
protein reduces Copper in Cupric Sulfate (Cu2+ to Cu+) whilst the bicinchoninic acid 
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forms a complex with Cu+ ion producing a purple colour that has a strong absorbance 
at a wavelength of 562 nm. The absorbance of the resulting purple solution was then 
measured at 562 nm using a spectrophotometer. Also, in addition BSA standard 
curve was generated to be used as a reference for determining the protein 
concentrations of the unknown samples from the absorbance values obtained from 
the standard BSA (2mg/ml) diluted with water into following concentrations (0, 0.025, 
0.125, 0.25, 0.5, 0.75, 1, 1.5 and 1.5 mg/ml).  
 
7.3.3 Protein Gel Electrophoresis 
NuPAGE electrophoresis gels and buffer systems (Invitrogen, UK) were used for gel 
electrophoresis. 4-12% Bis-Tris mini gels (NP0315, Invitrogen, UK) were used in 
combination with the MOPS SDS running buffer (NP0001, Invitrogen, UK). 24 μl of 
loading sample was prepared with 2.4 μl of reducing agent (10X), 6 μl of loading 
buffer (LDS 4X) and a maximum of 15.6 μl of protein sample. In order to load equal 
amounts of protein, this volume of 19.5 μl was adjusted based on the protein 
concentrations  and the remaining volume made up with water.  
 
The loading samples were boiled at 800C for 10 minutes to denature the protein. 
The pre-prepared gels were removed from their packaging, washed in distilled water 
and fitted into the XCell SureLock™ Mini-Cell mini vertical electrophoresis system 
(Invitrogen, UK) after removal of the white tape seal to allow for communication of 
the gel with the buffer system during electrophoresis. The chamber was then locked 
to generate a water tight compartment for the gel and the electrodes. Into the inside 
compartment, running buffer containing antioxidant (500 μl/ 200mls buffer) was 
added. The outside compartment was filled with running buffer without antioxidant. 
The wells were then loaded with the protein samples as well as the ladder and run 
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at 180V for 60 minutes. As a protein ladder, a prestained protein marker (7-175 KDa) 
(New England Biolabs, UK) was used.  
7.3.4 Gel Transfer 
Poly VinyliDene Fluoride (PVDF) membranes (Millipore, UK) were hydrated in 
absolute methanol for 2 minutes, washed in distilled water and equilibrated in 
working concentration transfer buffer before being applied to the gel. The transfer 
was carried out at 10V for 30 minutes using the XCell SureLock™ Mini-Cell mini 
transfer set up (Invitrogen, UK). 
7.3.5 Immunoblotting 
Following transfer, for analysis of non-phosphorylated proteins, PVDF membranes 
were blocked in 5% milk and 5% FBS in TBS with 0.1% Tween 20 at room 
temperature for 1.5 hours. For phosphorylated proteins, PVDF membranes were 
blocked using phosphoprotein blocker (Millipore, UK) at room temperature for 1.5 
hours. Primary antibody was diluted in blocking reagent and the membrane was 
incubated with this overnight at 4 0C on a shaker. The next morning the membrane 
was washed 4 times for 20-25 mins each with TBS containing 0.1% Tween 20. The 
membrane was then incubated for 1 hour at room temperature with the secondary 
antibody (species specific peroxidase conjugated IgG, Jackson Laboratories) diluted 
1 in 10,000 in the blocking reagent. After removal of the secondary antibody, the 
membrane was washed 4 times over an hour with TBS containing 0.1% Tween 20. 
Bound antibody was then reacted with the ECL2 advanced western blotting 
chemiluminescent immunodetection system according to the manufacturer’s 
instructions. Images on the x-ray film (Fujifilm, Japan) were visualised using Fujifilm 
imager (LAS-100; Fujifilm, Japan). X-ray film were scanned and the optical density 
of each band was normalised by dividing the optical density of the sample by the 
 205 
optical density of its corresponding control β-actin band using Image J software 
(Walker, 2002) and expressed as a relative protein expression. Histograms were 
generated to represent the pixel intensities of each band. 
 
Table 7.2: Antibodies and dilutions used for Western blotting  
 
Antibody Raised in Manufacturer Catologue no. Dilution 
β-actin Mouse Sigma-Aldrich A2228 1:5000 
WNT2B Rabbit Abcam AB50575 1:1000 
WNT5B Rabbit Abcam AB94914 1:500 
HES1 Rabbit US biologicals H2034-35 1:100 
Phospho- 
β–catenin 
Rabbit Millipore 07-1651 1:1000 
β–catenin Rabbit Abcam AB6302 1:1000 
Active 
β–catenin 
Mouse Millipore 05-665 1:250 
Notch Rabbit Santa Cruz SC6014 1:250 
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7.4 Immunocytochemistry 
 
Human Müller stem cells at a  density of 1 x 104/ml were cultured for 7 days in DMEM 
supplemented with 2% FCS on ECM gel-coated 13 mm glass coverslips in Costar 
24 well plates with 0.5ml of media per well. Following 7 days, the media was 
aspirated and the cells were fixed in 200μl of 4% paraformaldehyde for 4 minutes at 
room temperature using a shaker. After aspirating, for  cryopreservation  the 
paraformaldehyde, it was replaced with 100 μl 30% sucrose solution for 15 minutes 
at room temperature. After removal of the sucrose, the slides were either used 
immediately for immunocytochemistry or dried and kept frozen at -20°C until use. 
Blocking reagent was either made up in TBS containing 0.3% Triton®-X-100 (Sigma-
Aldrich) and 5% donkey serum (Jackson ImmunoResearch) or PBS containing 0.5 
% Roche blocker (Roche, UK) and 5 % donkey serum. The primary antibodies were 
diluted at various concentrations in the blocking reagent as highlighted in the table 
below. Primary antibody incubation was performed overnight at 4°C on a shaker. 
The following day, the plates were washed 3 times with TBS in 5 minute cycles, and 
subsequently covered with corresponding secondary antibody diluted 1:500 in 
blocking reagent without the donkey serum and incubated for 3 hours at room 
temperature in the dark by covering the plates in aluminum foil. After completion of 
secondary antibody incubation, the plates were washed again as before and the 
nuclei counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, UK) 
diluted 1:2500 in PBS for 1 minute. Slides were then rinsed in distilled water and 
mounted with Vectashield (Vector Laboratories) onto a glass slide and sealed with 
nail polish.  
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Table 7.3: Antibodies and dilutions used for Immunocytochemistry  
 
Antibody Raised in Manufacturer Catologue no. Dilution 
HES1 Rabbit US biologicals H2034-35 1:200 
Active 
β–catenin 
Mouse Millipore 05-665 1:250 
NR2E3 Rabbit Millipore AB2299 1:50 
Recoverin Rabbit Millipore AB5585 1:500 
CRX Mouse Abnova H00001406-M02 1:250 
Ki-67 Mouse Novocastra KI67-MM1-L-CE 1:1000 
BRN3A Mouse Millipore AB5945 1:250 
ISL-1 Mouse 
DSHB 
 
39.4D5 1:10 
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7.5 Microscopy 
 
Fluorescent images were captured with identical exposure times using a Zeiss 
LSM710 confocal microscope and identically processed using Carl Zeiss Zen 
imaging software (Carl Zeiss Microscopy GmbH, Jena, Germany). Phase images 
were acquired using Leica Phase contrast microscope and Leica DC viewer 
software. 
7.6 Enzyme-linked immunosorbent assay (ELISA)  
 
 
Elisa analysis was used for quantification of secreted DKK1 (R&D Systems, UK), 
WNT2B and WNT5B (Cusabio, China) using the manufacturers’ instructions. 
Human Müller stem cells (2 x 105 cells) were grown for 7 days in DMEM with 2% 
FCS on ECM gel coated flasks in the presence or absence of either human 
recombinant TGFng Carlng/ml) or FTRI to induce photoreceptor differentiation as 
indicated above (Jayaram et al., 2014). 500 μl  Supernatants were collected from 
these cultured cells. 100 μl of ELISA assay diluent was transferred to each well of a 
96 well plate. Then 100 μl of standard, control or sample was added to these wells. 
Following 2 hour incubation at room temperature on an orbital shaker, each well was 
aspirated and washed with the buffer provided in the ELISA kit  four times. This was 
followed by transfer of 200 μl conjugate, 2 hour incubation at room temperature and 
aspirate/wash four times. 200 μl  of substrate solution was then added to each well 
and incubated at room temperature for 30 minutes in the dark. The reaction was 
stopped by transferring 50 μl  of stop solution to each well. The absorbance was 
read at 450 nm, with wavelength correction set at 540 nm. A standard curve was 
plotted of diluted standard solutions for each experiments (DKK1, WNT2B and 
WNT5B) using Curve Expert 1.3 software. The concentration of proteins in each of 
the samples was then identified by extrapolation to the generated curve.   
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7.7 Statistical analysis  
 
 
Statistical analysis of all results was carried out using Graphpad Prism 5 software. 
Statistical differences were calculated using paired Student’s t-test or one-way 
repeated measures ANOVA. The standard error of the mean (SEM) was plotted as 
error bars on bar charts and a probability of <0.05 was considered to be significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 210 
 
 
 
 
 
 
 
Chapter 8: References 
 
 
 
 
 
 
 
 
 
 
 
 
 211 
 
ABREU, J. G., KETPURA, N. I., REVERSADE, B. & DE ROBERTIS, E. M. 2002. 
Connective-tissue growth factor (CTGF) modulates cell signalling by BMP and 
TGF-beta. Nature Cell Biology, 4, 599-604. 
AHLBERT, I. B. 1976. ORGANIZATION OF THE CONE CELLS IN THE RETINAE 
OF SALMON SALMO-SALAR AND TROUT SALMO-TRUTTA-TRUTTA IN 
RELATION TO THEIR FEEDING HABITS. Acta Zoologica (Stockholm), 57, 13-35. 
AIGNER, L. & BOGDAHN, U. 2008. TGF-beta in neural stem cells and in tumors of 
the central nervous system. Cell and Tissue Research, 331, 225-241. 
AKAGI, T., INOUE, T., MIYOSHI, G., BESSHO, Y., TAKAHASHI, M., LEE, J. E., 
GUILLEMOT, F. & KAGEYAMA, R. 2004. Requirement of multiple basic helix-
loop-helix genes for retinal neuronal subtype specification. Journal of Biological 
Chemistry, 279, 28492-28498. 
AKHMETSHINA, A., PALUMBO, K., DEES, C., BERGMANN, C., VENALIS, P., 
ZERR, P., HORN, A., KIREVA, T., BEYER, C., ZWERINA, J., SCHNEIDER, H., 
SADOWSKI, A., RIENER, M. O., MACDOUGALD, O. A., DISTLER, O., SCHETT, 
G. & DISTLER, J. H. 2012. Activation of canonical Wnt signalling is required for 
TGF-beta-mediated fibrosis. Nat Commun, 3, 735. 
ALTSHULER, D. M., TURNER, D. L. & CEPKO, C. L. SPECIFICATION OF CELL 
TYPE IN THE VERTEBRATE RETINA.  3rd Annual Symp of the Retina Research 
Foundation : Development of the Visual System, May 14-15 1991 Woodlands, Tx. 
 212 
ANNES, J. P., MUNGER, J. S. & RIFKIN, D. B. 2003. Making sense of latent TGF 
beta activation. Journal of Cell Science, 116, 217-224. 
AUSTIN, T. W., SOLAR, G. P., ZIEGLER, F. C., LIEM, L. & MATTHEWS, W. 
1997. A role for the Wnt gene family in hematopoiesis: Expansion of multilineage 
progenitor cells. Blood, 89, 3624-3635. 
AXELROD, J. D., MATSUNO, K., ARTAVANISTSAKONAS, S. & PERRIMON, N. 
1996. Interaction between wingless and notch signaling pathways mediated by 
dishevelled. Science, 271, 1826-1832. 
BECKER, S., SINGHAL, S., JONES, M. F., EASTLAKE, K., COTTRILL, P. B., 
JAYARAM, H. & LIMB, G. A. 2013. Acquisition of RGC phenotype in human Muller 
glia with stem cell characteristics is accompanied by upregulation of functional 
nicotinic acetylcholine receptors. Mol Vis, 19, 1925-36. 
BENNETT, B. L., SASAKI, D. T., MURRAY, B. W., O'LEARY, E. C., SAKATA, S. 
T., XU, W. M., LEISTEN, J. C., MOTIWALA, A., PIERCE, S., SATOH, Y., 
BHAGWAT, S. S., MANNING, A. M. & ANDERSON, D. W. 2001. SP600125, an 
anthrapyrazolone inhibitor of Jun N-terminal kinase. Proceedings of the National 
Academy of Sciences of the United States of America, 98, 13681-13686. 
BERNARDOS, R. L., BARTHEL, L. K., MEYERS, J. R. & RAYMOND, P. A. 2007. 
Late-stage neuronal progenitors in the retina are radial Muller glia that function as 
retinal stem cells. J Neurosci, 27, 7028-40. 
 213 
BERNARDOS, R. L., LENTZ, S. I., WOLFE, M. S. & RAYMOND, P. A. 2005. 
Notch-Delta signaling is required for spatial patterning and Muller glia 
differentiation in the zebrafish retina. Developmental Biology, 278, 381-395. 
BERNARDOS, R. L. & RAYMOND, P. A. 2006. GFAP transgenic zebrafish. Gene 
Expression Patterns, 6, 1007-1013. 
BHOWMICK, N. A., GHIASSI, M., BAKIN, A., AAKRE, M., LUNDQUIST, C. A., 
ENGEL, M. E., ARTEAGA, C. L. & MOSES, H. L. 2001. Transforming growth 
factor-beta 1 mediates epithelial to mesenchymal transdifferentiation through a 
RhoA-dependent mechanism. Molecular Biology of the Cell, 12, 27-36. 
BIERIE, B. & MOSES, H. L. 2006. TGF beta: the molecular Jekyll and Hyde of 
cancer. Nature Reviews Cancer, 6, 506-520. 
BIGNAMI, A. & DAHL, D. 1979. RADIAL GLIA OF MULLER IN THE RAT RETINA 
AND THEIR RESPONSE TO INJURY - IMMUNOFLUORESCENCE STUDY WITH 
ANTIBODIES TO THE GLIAL FIBRILLARY ACIDIC (GFA) PROTEIN. 
Experimental Eye Research, 28, 63-69. 
BLACKSHAW, S., HARPAVAT, S., TRIMARCHI, J., CAI, L., HUANG, H. Y., KUO, 
W. P., WEBER, G., LEE, K., FRAIOLI, R. E., CHO, S. H., YUNG, R., ASCH, E., 
OHNO-MACHADO, L., WONG, W. H. & CEPKO, C. L. 2004. Genomic analysis of 
mouse retinal development. Plos Biology, 2, 1411-1431. 
 214 
BLOBE, G. C., SCHIEMANN, W. P. & LODISH, H. F. 2000. Mechanisms of 
disease: Role of transforming growth factor beta in human disease. New England 
Journal of Medicine, 342, 1350-1358. 
BLOKZIJL, A., DAHLQVIST, C., REISSMANN, E., FALK, A., MOLINER, A., 
LENDAHL, U. & IBANEZ, C. F. 2003. Cross-talk between the Notch and TGF-beta 
signaling pathways mediated by interaction of the Notch intracellular domain with 
Smad3. Journal of Cell Biology, 163, 723-728. 
BOETTNER, M., KRIEGLSTEIN, K. & UNSICKER, K. 2000. The transforming 
growth factor-betas: Structure, signaling, and roles in nervous system development 
and functions. Journal of Neurochemistry, 75, 2227-2240. 
BOPP, D., BURRI, M., BAUMGARTNER, S., FRIGERIO, G. & NOLL, M. 1986. 
CONSERVATION OF A LARGE PROTEIN DOMAIN IN THE SEGMENTATION 
GENE PAIRED AND IN FUNCTIONALLY RELATED GENES OF DROSOPHILA. 
Cell, 47. 
BOPP, D., JAMET, E., BAUMGARTNER, S., BURRI, M. & NOLL, M. 1989. 
ISOLATION OF 2 TISSUE-SPECIFIC DROSOPHILA PAIRED BOX GENES, POX-
MESO AND POX-NEURO. Embo Journal, 8. 
BRAISTED, J. E., ESSMAN, T. F. & RAYMOND, P. A. 1994. SELECTIVE 
REGENERATION OF PHOTORECEPTORS IN GOLDFISH RETINA. 
Development, 120, 2409-2419. 
 215 
BRINGMANN, A., FRANCKE, M., PANNICKE, T., BIEDERMANN, B., FAUDE, F., 
ENZMANN, V., WIEDEMANN, P., REICHELT, W. & REICHENBACH, A. 1999. 
Human Muller glial cells: Altered potassium channel activity in proliferative 
vitreoretinopathy. Investigative Ophthalmology & Visual Science, 40, 3316-3323. 
BRINGMANN, A., IANDIEV, I., PANNICKE, T., WURM, A., HOLLBORN, M., 
WIEDEMANN, P., OSBORNE, N. N. & REICHENBACH, A. 2009. Cellular 
signaling and factors involved in Muller cell gliosis: Neuroprotective and 
detrimental effects. Progress in Retinal and Eye Research, 28, 423-451. 
BRINGMANN, A. & REICHENBACH, A. 2001. Role of Muller cells in retinal 
degenerations. Frontiers in Bioscience, 6, E77-E92. 
BRINGMANN, A. & WIEDEMANN, P. 2012. Müller Glial Cells in Retinal Disease. 
Ophthalmologica, 227, 1-19. 
BROWN, N. L., PATEL, S., BRZEZINSKI, J. & GLASER, T. 2001. Math5 is 
required for retinal ganglion cell and optic nerve formation. Development, 128. 
BRZEZINSKI, J. A. & REH, T. A. 2015. Photoreceptor cell fate specification in 
vertebrates. Development, 142, 3263-3273. 
BURKE, J. M. & SMITH, J. M. 1981. Retinal proliferation in response to vitreous 
hemoglobin or iron. Investigative Ophthalmology & Visual Science, 20, 582-592. 
 216 
CAI, L., MORROW, E. M. & CEPKO, C. L. 2000. Misexpression of basic helix-
loop-helix genes in the murine cerebral cortex affects cell fate choices and 
neuronal survival. Development, 127. 
CAMERON, D. A., GENTILE, K. L., MIDDLETON, F. A. & YURCO, P. 2005. Gene 
expression profiles of intact and regenerating zebrafish retina. Molecular Vision, 
11, 775-791. 
CEPKO, C. L. 1999. The roles of intrinsic and extrinsic cues and bHLH genes in 
the determination of retinal cell fates. Current Opinion in Neurobiology, 9. 
CEPKO, C. L., AUSTIN, C. P., YANG, X. J. & ALEXIADES, M. 1996. Cell fate 
determination in the vertebrate retina. Proceedings of the National Academy of 
Sciences of the United States of America, 93, 589-595. 
CHAITIN, M. H., ANKRUM, M. T. & WORTHAM, H. S. 1996. Distribution of CD44 
in the retina during development and the rds degeneration. Developmental Brain 
Research, 94, 92-98. 
CHAPOUTON, P., SKUPIEN, P., HESL, B., COOLEN, M., MOORE, J. C., 
MADELAINE, R., KREMMER, E., FAUS-KESSLER, T., BLADER, P., LAWSON, N. 
D. & BALLY-CUIF, L. 2010. Notch Activity Levels Control the Balance between 
Quiescence and Recruitment of Adult Neural Stem Cells. Journal of Neuroscience, 
30, 7961-7974. 
CHEN, C.-L., YANG, J., JAMES, I. O. A., ZHANG, H.-Y. & BESNER, G. E. 2014. 
Heparin-binding epidermal growth factor-like growth factor restores Wnt/beta-
 217 
catenin signaling in intestinal stem cells exposed to ischemia/reperfusion injury. 
Surgery, 155, 1069-1080. 
CHEN, H. & WEBER, A. J. 2002. Expression of glial fibrillary acidic protein and 
glutamine synthetase by Muller cells after optic nerve damage and intravitreal 
application of brain-derived neurotrophic factor. Glia, 38, 115-25. 
CHO, S. H. & CEPKO, C. L. 2006. Wnt2b/beta-catenin-mediated canonical Wnt 
signaling determines the peripheral fates of the chick eye. Development, 133, 
3167-77. 
CLARK, C. E. J., NOURSE, C. C. & COOPER, H. M. 2012. The Tangled Web of 
Non-Canonical Wnt Signalling in Neural Migration. Neurosignals, 20, 202-220. 
CLOSE, J. L., GUMUSCU, B. & REH, T. A. 2005. Retinal neurons regulate 
proliferation of postnatal progenitors and Muller glia in the rat retina via TGF beta 
signaling. Development, 132, 3015-26. 
CLOSE, J. L., LIU, J., GUMUSCU, B. & REH, T. A. 2006. Epidermal growth factor 
receptor expression regulates proliferation in the postnatal rat retina. Glia, 54, 94-
104. 
COLLU, G. M., HIDALGO-SASTRE, A., ACAR, A., BAYSTON, L., GILDEA, C., 
LEVERENTZ, M. K., MILLS, C. G., OWENS, T. W., MEURETTE, O., DOREY, K. & 
BRENNAN, K. 2012. Dishevelled limits Notch signalling through inhibition of CSL. 
Development, 139, 4405-4415. 
 218 
COLLU, G. M., HIDALGO-SASTRE, A. & BRENNAN, K. 2014. Wnt-Notch 
signalling crosstalk in development and disease. Cellular and Molecular Life 
Sciences, 71, 3553-3567. 
CONNER, C., ACKERMAN, K. M., LAHNE, M., HOBGOOD, J. S. & HYDE, D. R. 
2014. Repressing Notch Signaling and Expressing TNF alpha Are Sufficient to 
Mimic Retinal Regeneration by Inducing Muller Glial Proliferation to Generate 
Committed Progenitor Cells. Journal of Neuroscience, 34, 14403-14419. 
DAHLQVIST, C., BLOKZIJL, A., CHAPMAN, G., FALK, A., DANNAEUS, K., 
IBANEZ, C. F. & LENDAHL, U. 2003. Functional notch signaling is required for 
BMP4-induced inhibition of myogenic differentiation. Development, 130, 6089-
6099. 
DAS, A. V., MALLYA, K. B., ZHAO, X., AHMAD, F., BHATTACHARYA, S., 
THORESON, W. B., HEGDE, G. V. & AHMAD, I. 2006. Neural stem cell properties 
of Miller glia in the mammalian retina: Regulation by Notch and Wnt signaling. 
Developmental Biology, 299, 283-302. 
DASGUPTA, R. & FUCHS, E. 1999. Multiple roles for activated LEF/TCF 
transcription complexes during hair follicle development and differentiation. 
Development, 126, 4557-4568. 
DATEOKA, S., OHNISHI, Y. & KAKUDO, K. 2012. Effects of CRM197, a specific 
inhibitor of HB-EGF, in oral cancer. Medical Molecular Morphology, 45, 91-97. 
 219 
DAVIDSON, G., WU, W., SHEN, J. L., BILIC, J., FENGER, U., STANNEK, P., 
GLINKA, A. & NIEHRS, C. 2005. Casein kinase 1 gamma couples Wnt receptor 
activation to cytoplasmic signal transduction. Nature, 438, 867-872. 
DAWES, L. J., SUGIYAMA, Y., TANEDO, A. S., LOVICU, F. J. & MCAVOY, J. W. 
2013. Wnt-Frizzled Signaling Is Part of an FGF-Induced Cascade that Promotes 
Lens Fiber Differentiation. Investigative Ophthalmology & Visual Science, 54, 
1582-1590. 
DE, A. 2011. Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochimica Et 
Biophysica Sinica, 43, 745-756. 
DE STROOPER, B., SAFTIG, P., CRAESSAERTS, K., VANDERSTICHELE, H., 
GUHDE, G., ANNAERT, W., VON FIGURA, K. & VAN LEUVEN, F. 1998. 
Deficiency of presenilin-1 inhibits the normal cleavage of amyloid precursor 
protein. Nature, 391, 387-390. 
DEL BENE, F., TESSMAR-RAIBLE, K. & WITTBRODT, J. 2004. Direct interaction 
of geminin and Six3 in eye development. Nature, 427, 745-749. 
DEL BENE, F., WEHMAN, A. M., LINK, B. A. & BAIER, H. 2008. Regulation of 
neurogenesis by interkinetic nuclear migration through an apical-basal Notch 
gradient. Cell, 134, 1055-1065. 
DEL DEBBIO, C. B., BALASUBRAMANIAN, S., PARAMESWARAN, S., 
CHAUDHURI, A., QIU, F. & AHMAD, I. 2010. Notch and Wnt Signaling Mediated 
 220 
Rod Photoreceptor Regeneration by Muller Cells in Adult Mammalian Retina. Plos 
One, 5, 15. 
DENNLER, S., GOUMANS, M. J. & TEN DIJKE, P. 2002. Transforming growth 
factor beta signal transduction. Journal of Leukocyte Biology, 71, 731-740. 
DEREGOWSKI, V., GAZZERRO, E., PRIEST, L., RYDZIEL, S. & CANALIS, E. 
2006. Notch 1 overexpression inhibits osteoblastogenesis by suppressing 
Wnt/beta-catenin but not bone morphogenetic protein signaling. Journal of 
Biological Chemistry, 281, 6203-6210. 
DERYNCK, R. & MIYAZONO, K. 2008. TGF-beta and the TGF-beta family. Cold 
Spring Harbor Monograph Series, 29-43. 
DERYNCK, R. & ZHANG, Y. E. 2003. Smad-dependent and Smad-independent 
pathways in TGF-beta family signalling. Nature, 425, 577-84. 
DIAZ, B., YUEN, A., IIZUKA, S., HIGASHIYAMA, S. & COURTNEIDGE, S. A. 
2013. Notch increases the shedding of HB-EGF by ADAM12 to potentiate 
invadopodia formation in hypoxia. Journal of Cell Biology, 201, 279-292. 
DONOVAN, S. L. & DYER, M. A. 2005. Regulation of proliferation during central 
nervous system development. Seminars in Cell & Developmental Biology, 16. 
DORSKY, R. I., RAPAPORT, D. H. & HARRIS, W. A. 1995. XOTCH INHIBITS 
CELL-DIFFERENTIATION IN THE XENOPUS RETINA. Neuron, 14, 487-496. 
 221 
DYER, M. A. & CEPKO, C. L. 2000. Control of Muller glial cell proliferation and 
activation following retinal injury. Nature Neuroscience, 3. 
EIRAKU, M., TAKATA, N., ISHIBASHI, H., KAWADA, M., SAKAKURA, E., 
OKUDA, S., SEKIGUCHI, K., ADACHI, T. & SASAI, Y. 2011. Self-organizing optic-
cup morphogenesis in three-dimensional culture. Nature, 472, 51-U73. 
EL-ASSAL, O. N. & BESNER, G. E. 2005. HB-EGF enhances restitution after 
intestinal ischemia/reperfusion via PI3K/Akt and MEK/ERK1/2 activation. 
Gastroenterology, 129, 609-625. 
EL-ASSAL, O. N., PADDOCK, H., MARQUEZ, A. & BESNER, G. E. 2008. 
Heparin-binding epidermal growth factor-like growth factor gene disruption is 
associated with delayed intestinal restitution, impaired angiogenesis and poor 
survival after intestinal ischemia in mice. Journal of Pediatric Surgery, 43, 1182-
1190. 
ELENIUS, K., PAUL, S., ALLISON, G., SUN, J. & KLAGSBRUN, M. 1997. 
Activation of HER4 by heparin-binding EGF-like growth factor stimulates 
chemotaxis but not proliferation. Embo Journal, 16, 1268-1278. 
ENGEL, M. E., MCDONNELL, M. A., LAW, B. K. & MOSES, H. L. 1999. 
Interdependent SMAD and JNK signaling in transforming growth factor-beta-
mediated transcription. Journal of Biological Chemistry, 274, 37413-37420. 
ERKMAN, L., MCEVILLY, R. J., LUO, L., RYAN, A. K., HOOSHMAND, F., 
OCONNELL, S. M., KEITHLEY, E. M., RAPAPORT, D. H., RYAN, A. F. & 
 222 
ROSENFELD, M. G. 1996. Role of transcription factors Brn-3.1 and Brn-3.2 in 
auditory and visual system development. Nature, 381, 603-606. 
FALK, S., WURDAK, H., ITTNER, L. M., ILLE, F., SUMARA, G., SCHMID, M.-T., 
DRAGANOVA, K., LANG, K. S., PARATORE, C., LEVEEN, P., SUTER, U., 
KARLSSON, S., BORN, W., RICCI, R., GOETZ, M. & SOMMER, L. 2008. Brain 
area-specific effect of TGF-beta signaling on Wnt-dependent neural stem cell 
expansion. Cell Stem Cell, 2, 472-483. 
FAUSETT, B. V. & GOLDMAN, D. 2006. A role for alpha 1 tubulin-expressing 
Muller glia in regeneration of the injured zebrafish retina. Journal of Neuroscience, 
26, 6303-6313. 
FAUSETT, B. V., GUMERSON, J. D. & GOLDMAN, D. 2008. The proneural basic 
helix-loop-helix gene ascl1a is required for retina regeneration. Journal of 
Neuroscience, 28, 1109-1117. 
FEI, Y., XIAO, L., DOETSCHMAN, T., COFFIN, D. J. & HURLEY, M. M. 2011. 
Fibroblast Growth Factor 2 Stimulation of Osteoblast Differentiation and Bone 
Formation Is Mediated by Modulation of the Wnt Signaling Pathway. Journal of 
Biological Chemistry, 286, 40575-40583. 
FELMY, F., PANNICKE, T., RICHT, J. A., REICHENBACH, A. & GUENTHER, E. 
2001. Electrophysiological properties of rat retinal Muller (glial) cells in postnatally 
developing and in pathologically altered retinae. Glia, 34, 190-199. 
 223 
FENG, X. H. & DERYNCK, R. 2005. Specificity and versatility in TGF-beta 
signaling through Smads. Annual Review of Cell and Developmental Biology, 21, 
659-693. 
FIMBEL, S. M., MONTGOMERY, J. E., BURKET, C. T. & HYDE, D. R. 2007. 
Regeneration of inner retinal neurons after intravitreal injection of ouabain in 
zebrafish. Journal of Neuroscience, 27, 1712-1724. 
FISCHER, A. J. & BONGINI, R. 2010. Turning Muller Glia into Neural Progenitors 
in the Retina. Molecular Neurobiology, 42, 199-209. 
FISCHER, A. J. & REH, T. A. 2001. Muller glia are a potential source of neural 
regeneration in the postnatal chicken retina. Nature Neuroscience, 4, 247-252. 
FISCHER, A. J. & REH, T. A. 2002. Exogenous growth factors stimulate the 
regeneration of ganglion cells in the chicken retina. Developmental Biology, 251, 
367-379. 
FISHER, S. K. & LEWIS, G. P. 2003. Muller cell and neuronal remodeling in retinal 
detachment and reattachment and their potential consequences for visual 
recovery: a review and reconsideration of recent data. Vision Research, 43, 887-
897. 
FRANCKE, M., MAKAROV, F., KACZA, J., SEEGER, J., WENDT, S., GARTNER, 
U., FAUDE, F., WIEDEMANN, P. & REICHENBACH, A. 2001. Retinal pigment 
epithelium melanin granules are phagocytozed by Muller glial cells in experimental 
retinal detachment. Journal of Neurocytology, 30, 131-136. 
 224 
FRENZEL, J., RICHTER, J. & ESCHRICH, K. 2005. Pyruvate protects glucose-
deprived miffler cells from nitric oxide-induced oxidative stress by radical 
scavenging. Glia, 52, 276-288. 
FUHRMANN, S., STARK, M. R. & HELLER, S. 2003. Expression of Frizzled genes 
in the developing chick eye. Gene Expression Patterns, 3, 659-662. 
FURUHASHI, M., KATO, M., MIYAZONO, K. & SHIMADA, S. 2002. Axin facilitates 
Smad3 activation in the transforming growth factor-beta signaling pathway. Journal 
of Investigative Dermatology, 119, 281-281. 
FURUKAWA, T., MUKHERJEE, S., BAO, Z. Z., MORROW, E. M. & CEPKO, C. L. 
2000a. rax, hes1, and notch1 promote the formation of Muller glia by postnatal 
retinal progenitor cells. Neuron, 26, 383-394. 
FURUKAWA, T., MUKHERJEE, S., BAO, Z. Z., MORROW, E. M. & CEPKO, C. L. 
2000b. rax, hes1, and notch1 promote the formation of Muller glia by postnatal 
retinal progenitor cells. Neuron, 26. 
GAN, L., WANG, S. W., HUANG, Z. & KLEIN, W. H. 1999. POU domain factor 
Brn-3b is essential for retinal ganglion cell differentiation and survival but not for 
initial cell fate specification. Developmental Biology, 210, 469-480. 
GAN, L., XIANG, M. Q., ZHOU, L. J., WAGNER, D. S., KLEIN, W. H. & NATHANS, 
J. 1996. POU domain factor Brn-3b is required for the development of a large set 
of retinal ganglion cells. Proceedings of the National Academy of Sciences of the 
United States of America, 93, 3920-3925. 
 225 
GARCIA, M. & VECINO, E. 2003. Role of Muller glia in neuroprotection and 
regeneration in the retina. Histology and Histopathology, 18, 1205-1218. 
GAT, U., DASGUPTA, R., DEGENSTEIN, L. & FUCHS, E. 1998. De novo hair 
follicle morphogenesis and hair tumors in mice expressing a truncated beta-
catenin in skin. Cell, 95, 605-614. 
GECHTMAN, Z., ALONSO, J. L., RAAB, G., INGBER, D. E. & KLAGSBRUN, M. 
1999. The shedding of membrane-anchored heparin-binding epidermal-like growth 
factor is regulated by the Raf/mitogen-activated protein kinase cascade and by cell 
adhesion and spreading. Journal of Biological Chemistry, 274, 28828-28835. 
GELLER, S. F., LEWIS, G. P. & FISHER, S. K. 2001. FGFR1, signaling, and AP-1 
expression after retinal detachment: Reactive Muller and RPE cells. Investigative 
Ophthalmology & Visual Science, 42, 1363-1369. 
GERBE, F., VAN ES, J. H., MAKRINI, L., BRULIN, B., MELLITZER, G., ROBINE, 
S., ROMAGNOLO, B., SHROYER, N. F., BOURGAUX, J. F., PIGNODEL, C., 
CLEVERS, H. & JAY, P. 2011. Distinct ATOH1 and Neurog3 requirements define 
tuft cells as a new secretory cell type in the intestinal epithelium. Journal of Cell 
Biology, 192, 767-780. 
GESSERT, S. & KUHL, M. 2010. The Multiple Phases and Faces of Wnt Signaling 
During Cardiac Differentiation and Development. Circulation Research, 107, 186-
199. 
 226 
GHAI, K., ZELINKA, C. & FISCHER, A. J. 2010. Notch Signaling Influences 
Neuroprotective and Proliferative Properties of Mature Muller Glia. Journal of 
Neuroscience, 30, 3101-3112. 
GIANNELLI, S. G., DEMONTIS, G. C., PERTILE, G., RAMA, P. & BROCCOLI, V. 
2011. Adult Human Muller Glia Cells Are a Highly Efficient Source of Rod 
Photoreceptors. Stem Cells, 29, 344-356. 
GORSUCH, R. A. & HYDE, D. R. 2014. Regulation of Muller glial dependent 
neuronal regeneration in the damaged adult zebrafish retina. Experimental Eye 
Research, 123, 131-140. 
GRBAVEC, D. & STIFANI, S. 1996. Molecular interaction between TLE1 and the 
carboxyl-terminal domain of HES-1 containing the WRPW motif. Biochemical and 
Biophysical Research Communications, 223, 701-705. 
GROCOTT, T., JOHNSON, S., BAILEY, A. P. & STREIT, A. 2011. Neural crest 
cells organize the eye via TGF-beta and canonical Wnt signalling. Nature 
Communications, 2. 
GROSCHE, J., HARTIG, W. & REICHENBACH, A. 1995. EXPRESSION OF 
GLIAL FIBRILLARY ACIDIC PROTEIN (GFAP), GLUTAMINE-SYNTHETASE 
(GS), AND BCL-2 PROTOONCOGENE PROTEIN BY MULLER (GLIAL) CELLS 
IN RETINAL LIGHT DAMAGE OF RATS. Neuroscience Letters, 185, 119-122. 
GUDAS, L. J. 1994. RETINOIDS AND VERTEBRATE DEVELOPMENT. Journal of 
Biological Chemistry, 269, 15399-15402. 
 227 
GUO, C., ZHANG, Z., ZHANG, P., MAKITA, J., KAWADA, H., BLESSING, K. & 
KADOR, P. F. 2014. Novel transgenic mouse models develop retinal changes 
associated with early diabetic retinopathy similar to those observed in rats with 
diabetes mellitus. Exp Eye Res, 119, 77-87. 
HAFLER, B. P., SURZENKO, N., BEIER, K. T., PUNZO, C., TRIMARCHI, J. M., 
KONG, J. H. & CEPKO, C. L. 2012. Transcription factor Olig2 defines 
subpopulations of retinal progenitor cells biased toward specific cell fates. 
Proceedings of the National Academy of Sciences of the United States of America, 
109, 7882-7887. 
HAGGLUND, A.-C., BERGHARD, A. & CARLSSON, L. 2013. Canonical Wnt/beta-
Catenin Signalling Is Essential for Optic Cup Formation. Plos One, 8. 
HAMON, A., ROGER, J. E., YANG, X.-J. & PERRON, M. 2016. Müller glial cell-
dependent regeneration of the neural retina: An overview across vertebrate model 
systems. Developmental Dynamics, n/a-n/a. 
HAN, G., LI, A. G., LIANG, Y.-Y., OWENS, P., HE, W., LU, S., YOSHIMATSU, Y., 
WANG, D., TEN DIJKE, P., LIN, X. & WANG, X.-J. 2006. Smad7-induced beta-
catenin degradation alters epidermal appendage development. Developmental 
Cell, 11, 301-312. 
HARADA, T., HARADA, C., NAKAYAMA, N., OKUYAMA, S., YOSHIDA, K., 
KOHSAKA, S., MATSUDA, H. & WADA, K. 2000. Modification of glial-neuronal cell 
interactions prevents photoreceptor apoptosis during light-induced retinal 
degeneration. Neuron, 26, 533-541. 
 228 
HARRIS, W. A. 1997. Cellular diversification in the vertebrate retina. Current 
Opinion in Genetics & Development, 7. 
HAYES, S., NELSON, B. R., BUCKINGHAM, B. & REH, T. A. 2007. Notch 
signaling regulates regeneration in the avian retina. Developmental Biology, 312, 
300-311. 
HE, W., LUISTRO, L., CARVAJAL, D., SMITH, M., NEVINS, T., YIN, X. F., CAI, J., 
HIGGINS, B., KOLINSKY, K., RIZZO, C., PACKMAN, K., HEIMBROOK, D. & 
BOYLAN, J. F. 2011. High tumor levels of IL6 and IL8 abrogate preclinical efficacy 
of the gamma-secretase inhibitor, RO4929097. Molecular Oncology, 5, 292-301. 
HE, X. C., ZHANG, J. W., TONG, W. G., TAWFIK, O., ROSS, J., SCOVILLE, D. 
H., TIAN, Q., ZENG, X., HE, X., WIEDEMANN, L. M., MISHINA, Y. & LI, L. H. 
2004. BMP signaling inhibits intestinal stem cell self-renewal through suppression 
of Wnt-beta-catenin signaling. Nature Genetics, 36, 1117-1121. 
HERNANDEZ-BENITEZ, R., PASANTES-MORALES, H., TORRES SALDANA, I. 
& RAMOS-MANDUJANO, G. 2010. Taurine Stimulates Proliferation of Mice 
Embryonic Cultured Neural Progenitor Cells. Journal of Neuroscience Research, 
88, 1673-1681. 
HIGASHIYAMA, S., ABRAHAM, J. A., MILLER, J., FIDDES, J. C. & KLAGSBRUN, 
M. 1991. A HEPARIN-BINDING GROWTH-FACTOR SECRETED BY 
MACROPHAGE-LIKE CELLS THAT IS RELATED TO EGF. Science, 251, 936-
939. 
 229 
HIGASHIYAMA, S., IWABUKI, H., MORIMOTO, C., HIEDA, M., INOUE, H. & 
MATSUSHITA, N. 2008. Membrane-anchored growth factors, the epidermal 
growth factor family: Beyond receptor ligands. Cancer Science, 99, 214-220. 
HIRATA, M., UMATA, T., TAKAHASHI, T., OHNUMA, M., MIURA, Y., IWAMOTO, 
R. & MEKADA, E. 2001. Identification of serum factor inducing ectodomain 
shedding of proHB-EGF and studies of noncleavable mutants of proHB-EGF. 
Biochemical and Biophysical Research Communications, 283, 915-922. 
HOERSTER, R., MUETHER, P. S., VIERKOTTEN, S., HERMANN, M. M., 
KIRCHHOF, B. & FAUSER, S. 2014. Upregulation of TGF-1 in experimental 
proliferative vitreoretinopathy is accompanied by epithelial to mesenchymal 
transition. Graefes Archive for Clinical and Experimental Ophthalmology, 252, 11-
16. 
HOJO, M., OHTSUKA, T., HASHIMOTO, N., GRADWOHL, G., GUILLEMOT, F. & 
KAGEYAMA, R. 2000. Glial cell fate specification modulated by the bHLH gene 
Hes5 in mouse retina. Development, 127. 
HOLLBORN, M., FRANCKE, M., IANDIEV, I., BUEHNER, E., FOJA, C., KOHEN, 
L., REICHENBACH, A., WIEDEMANN, P., BRINGMANN, A. & UHLMANN, S. 
2008. Early activation of inflammation- and immune response-related genes after 
experimental detachment of the porcine retina. Investigative Ophthalmology & 
Visual Science, 49. 
HOLLBORN, M., TENCKHOFF, S., JAHN, K., IANDIEV, I., BIEDERMANN, B., 
SCHNURRBUSCH, U. E. K., LIMB, G. A., REICHENBACH, A., WOLF, S., 
 230 
WIEDEMANN, P., KOHEN, L. & BRINGMANN, A. 2005. Changes in retinal gene 
expression in proliferative vitreoretinopathy: glial cell expression of HB-EGF. 
Molecular Vision, 11, 397-413. 
HONJO, T. 1996. The shortest path from the surface to the nucleus: RBP-J 
kappa/Su(H) transcription factor. Genes to Cells, 1, 1-9. 
HSIEH, J. 2012. Orchestrating transcriptional control of adult neurogenesis. Genes 
& Development, 26, 1010-1021. 
HU, Q., LEE, S. Y., O'KUSKY, J. R. & YE, P. 2012. Signalling through the type 1 
insulin-like growth factor receptor (IGF1R) interacts with canonical Wnt signalling 
to promote neural proliferation in developing brain. Asn Neuro, 4, 253-265. 
HU, Y., LIN, X., WANG, P., XUE, Y.-X., LI, Z., LIU, L.-B., YU, B., FENG, T.-D. & 
LIU, Y.-H. 2015. CRM197 in Combination With shRNA Interference of VCAM-1 
Displays Enhanced Inhibitory Effects on Human Glioblastoma Cells. Journal of 
Cellular Physiology, 230, 1713-1728. 
HUANG, S.-M. A., MISHINA, Y. M., LIU, S., CHEUNG, A., STEGMEIER, F., 
MICHAUD, G. A., CHARLAT, O., WIELLETTE, E., ZHANG, Y., WIESSNER, S., 
HILD, M., SHI, X., WILSON, C. J., MICKANIN, C., MYER, V., FAZAL, A., 
TOMLINSON, R., SERLUCA, F., SHAO, W., CHENG, H., SHULTZ, M., RAU, C., 
SCHIRLE, M., SCHLEGL, J., GHIDELLI, S., FAWELL, S., LU, C., CURTIS, D., 
KIRSCHNER, M. W., LENGAUER, C., FINAN, P. M., TALLARICO, J. A., 
BOUWMEESTER, T., PORTER, J. A., BAUER, A. & CONG, F. 2009. Tankyrase 
inhibition stabilizes axin and antagonizes Wnt signalling. Nature, 461, 614-620. 
 231 
HUELSKEN, J., VOGEL, R., ERDMANN, B., COTSARELIS, G. & BIRCHMEIER, 
W. 2001. beta-catenin controls hair follicle morphogenesis and stem cell 
differentiation in the skin. Cell, 105, 533-545. 
HUSE, M., MUIR, T. W., XU, L., CHEN, Y. G., KURIYAN, J. & MASSAGUE, J. 
2001. The TGF beta receptor activation process: An inhibitor- to substrate-binding 
switch. Molecular Cell, 8, 671-682. 
HUSSEIN, S. M., DUFF, E. K. & SIRARD, C. 2003. Smad4 and beta-catenin co-
activators functionally interact with lymphoid-enhancing factor to regulate graded 
expression of Msx2. Journal of Biological Chemistry, 278, 48805-48814. 
HUYNH, C., POLISENO, L., SEGURA, M. F., MEDICHERLA, R., HAIMOVIC, A., 
MENENDEZ, S., SHANG, S. L., PAVLICK, A., SHAO, Y. Z., DARVISHIAN, F., 
BOYLAN, J. F., OSMAN, I. & HERNANDO, E. 2011. The Novel Gamma Secretase 
Inhibitor RO4929097 Reduces the Tumor Initiating Potential of Melanoma. Plos 
One, 6. 
IKEDA, T., HOMMA, Y., NISIDA, K., HIRASE, K., SOTOZONO, C., KINOSHITA, 
S. & PURO, D. G. 1998. Expression of transforming growth factor-beta s and their 
receptors by human retinal glial cells. Current Eye Research, 17, 546-550. 
IMAMURA, T., TAKASE, M., NISHIHARA, A., OEDA, E., HANAI, J., KAWABATA, 
M. & MIYAZONO, K. 1997. Smad6 inhibits signalling by the TGF-beta superfamily. 
Nature, 389, 622-626. 
 232 
INBAL, A., KIM, S.-H., SHIN, J. & SOLNICA-KREZEL, L. 2007. Six3 represses 
nodal activity to establish early brain asymmetry in zebrafish. Neuron, 55, 407-415. 
INMAN, G. J., NICOLAS, F. J., CALLAHAN, J. F., HARLING, J. D., GASTER, L. 
M., REITH, A. D., LAPING, N. J. & HILL, C. S. 2002. SB-431542 is a potent and 
specific inhibitor of transforming growth factor-beta superfamily type I activin 
receptor-like kinase (ALK) receptors ALK4, ALK5, and ALK7. Molecular 
Pharmacology, 62, 65-74. 
ISHITANI, T., KISHIDA, S., HYODO-MIURA, J., UENO, N., YASUDA, J., 
WATERMAN, M., SHIBUYA, H., MOON, R. T., NINOMIYA-TSUJI, J. & 
MATSUMOTO, K. 2003. The TAK1-NLK mitogen-activated protein kinase cascade 
functions in the Wnt-5a/Ca2+ pathway to antagonize Wnt/beta-catenin signaling. 
Molecular and Cellular Biology, 23, 131-139. 
ITOH, F., ITOH, S., GOUMANS, M. J., VALDIMARSDOTTIR, G., ISO, T., DOTTO, 
G. P., HAMAMORI, Y., KEDES, L., KATO, M. & TEN DIJKE, P. 2004. Synergy and 
antagonism between Notch and BMP receptor signaling pathways in endothelial 
cells. Embo Journal, 23, 541-551. 
JADHAV, A. P., CHO, S. H. & CEPKO, C. L. 2006a. Notch activity permits retinal 
cells to progress through multiple progenitor states and acquire a stem cell 
property. Proceedings of the National Academy of Sciences of the United States of 
America, 103, 18998-19003. 
 233 
JADHAV, A. P., ROESCH, K. & CEPKO, C. L. 2009. Development and neurogenic 
potential of Muller glial cells in the vertebrate retina. Progress in Retinal and Eye 
Research, 28. 
JADHAV, A. R., MASON, H. A. & CEPKO, C. L. 2006b. Notch 1 inhibits 
photoreceptor production in the developing mammalian retina. Development, 133. 
JARRIAULT, S., BROU, C., LOGEAT, F., SCHROETER, E. H., KOPAN, R. & 
ISRAEL, A. 1995. SIGNALING DOWNSTREAM OF ACTIVATED MAMMALIAN 
NOTCH. Nature, 377, 355-358. 
JAYARAM, H., JONES, M. F., EASTLAKE, K., COTTRILL, P. B., BECKER, S., 
WISEMAN, J., KHAW, P. T. & LIMB, G. A. 2014. Transplantation of 
photoreceptors derived from human muller glia restore rod function in the P23H 
rat. Stem Cells Transl Med, 3, 323-33. 
JOHNS, P. R. 1981. GROWTH OF FISH RETINAS. American Zoologist, 21, 447-
458. 
JOHNS, P. R. 1982. FORMATION OF PHOTORECEPTORS IN LARVAL AND 
ADULT GOLDFISH. Journal of Neuroscience, 2. 
JOLY, S., PERNET, V., SAMARDZIJA, M. & GRIMM, C. 2011. Pax6-positive 
müller glia cells express cell cycle markers but do not proliferate after 
photoreceptor injury in the mouse retina. Glia, 59, 1033-1046. 
 234 
JULIAN, D., ENNIS, K. & KORENBROT, J. I. 1998. Birth and fate of proliferative 
cells in the inner nuclear layer of the mature fish retina. Journal of Comparative 
Neurology, 394, 271-282. 
KAGEYAMA, R., OHTSUKA, T., HATAKEYAMA, J. & OHSAWA, R. 2005. Roles of 
bHLH genes in neural stem cell differentiation. Experimental Cell Research, 306, 
343-348. 
KAHN, A. J. 1974. AUTORADIOGRAPHIC ANALYSIS OF TIME OF 
APPEARANCE OF NEURONS IN DEVELOPING CHICK NEURAL RETINA. 
Developmental Biology, 38, 30-40. 
KARL, M. O., HAYES, S., NELSON, B. R., TAN, K., BUCKINGHAM, B. & REH, T. 
A. 2008. Stimulation of neural regeneration in the mouse retina. Proceedings of the 
National Academy of Sciences of the United States of America, 105, 19508-19513. 
KARRASCH, T., SPAETH, T., ALLARD, B. & JOBIN, C. 2011. PI3K-Dependent 
GSK3 beta(Ser9)-Phosphorylation Is Implicated in the Intestinal Epithelial Cell 
Wound-Healing Response. Plos One, 6. 
KATOH, K., OMORI, Y., ONISHI, A., SATO, S., KONDO, M. & FURUKAWA, T. 
2010. Blimp1 Suppresses Chx10 Expression in Differentiating Retinal 
Photoreceptor Precursors to Ensure Proper Photoreceptor Development. Journal 
of Neuroscience, 30, 6515-6526. 
 235 
KAWASAKI, A., OTORI, Y. & BARNSTABLE, C. J. 2000. Muller cell protection of 
rat retinal ganglion cells from glutamate and nitric oxide neurotoxicity. Investigative 
Ophthalmology & Visual Science, 41. 
KENNARD, S., LIU, H. & LILLY, B. 2008. Transforming growth factor-beta(TGF-
beta 1) down-regulates Notch3 in fibroblasts to promote smooth muscle gene 
expression. Journal of Biological Chemistry, 283, 1324-1333. 
KIELMAN, M. F., RINDAPAA, M., GASPAR, C., VAN POPPEL, N., BREUKEL, C., 
VAN LEEUWEN, S., TAKETO, M. M., ROBERTS, S., SMITS, R. & FODDE, R. 
2003. Apc modulates embryonic stem-cell differentiation by controlling the dosage 
of beta-catenin signaling (vol 32, pg 594, 2002). Nature Genetics, 33, 107-107. 
KIKUCHI, A., YAMAMOTO, H., SATO, A. & MATSUMOTO, S. 2011. NEW 
INSIGHTS INTO THE MECHANISM OF WNT SIGNALING PATHWAY 
ACTIVATION. International Review of Cell and Molecular Biology, Vol 291, 291, 
21-71. 
KIM, D. M., CHOI, H.-R., PARK, A., SHIN, S.-M., BAE, K.-H., LEE, S. C., KIM, I.-
C. & KIM, W. K. 2013a. Retinoic acid inhibits adipogenesis via activation of Wnt 
signaling pathway in 3T3-L1 preadipocytes. Biochemical and Biophysical 
Research Communications, 434, 455-459. 
KIM, H.-A., KOO, B.-K., CHO, J.-H., KIM, Y.-Y., SEONG, J., CHANG, H. J., OH, Y. 
M., STANGE, D. E., PARK, J.-G., HWANG, D. & KONG, Y.-Y. 2012. Notch1 
counteracts WNT/beta-catenin signaling through chromatin modification in 
colorectal cancer. Journal of Clinical Investigation, 122, 3248-3259. 
 236 
KIM, W., KIM, M. & JHO, E. H. 2013b. Wnt/beta-catenin signalling: from plasma 
membrane to nucleus. Biochemical Journal, 450, 9-21. 
KINOUCHI, R., TAKEDA, M., YANG, L., WILHELMSSON, U., LUNDKVIST, A., 
PEKNY, M. & CHEN, D. F. 2003. Robust neural integration from retinal transplants 
in mice deficient in GFAP and vimentin. Nature Neuroscience, 6, 863-868. 
KLEIN, T. & ARIAS, A. M. 1998. Different spatial and temporal interactions 
between Notch, wingless, and vestigial specify proximal and distal pattern 
elements of the wing in Drosophila. Developmental Biology, 194, 196-212. 
KLEIN, T. & ARIAS, A. M. 1999. The Vestigial gene product provides a molecular 
context for the interpretation of signals during the development of the wing in 
Drosophila. Development, 126, 913-925. 
KOBIELAK, K., STOKES, N., DE LA CRUZ, J., POLAK, L. & FUCHS, E. 2007. 
Loss of a quiescent niche but not follicle stem cells in the absence of bone 
morphogenetic protein signaling. Proceedings of the National Academy of 
Sciences, 104, 10063-10068. 
KOCH, U., LACOMBE, T. A., HOLLAND, D., BOWMAN, J. L., COHEN, B. L., 
EGAN, S. E. & GUIDOS, C. J. 2001. Subversion of the T/B lineage decision in the 
thymus by lunatic fringe-mediated inhibition of notch-1. Immunity, 15, 225-236. 
KOLB, H. 2003. How the retina works - Much of the construction of an image takes 
place in the retina itself through the use of specialized neural circuits. American 
Scientist, 91, 28-35. 
 237 
KORINEK, V., BARKER, N., MOERER, P., VAN DONSELAAR, E., HULS, G., 
PETERS, P. J. & CLEVERS, H. 1998. Depletion of epithelial stem-cell 
compartments in the small intestine of mice lacking Tcf-4. Nature Genetics, 19, 
379-383. 
KOSINSKI, C., LI, V. S. W., CHAN, A. S. Y., ZHANG, J., HO, C., TSUI, W. Y., 
CHAN, T. L., MIFFLIN, R. C., POWELL, D. W., YUEN, S. T., LEUNG, S. Y. & 
CHEN, X. 2007. Gene expression patterns of human colon tops and basal crypts 
and BMP antagonists as intestinal stem cell niche factors. Proceedings of the 
National Academy of Sciences of the United States of America, 104, 15418-15423. 
KRISHNAMOORTHY, R., AGARWAL, N. & CHAITIN, M. H. 2000. Upregulation of 
CD44 expression in the retina during the rds degeneration. Brain research. 
Molecular brain research, 77, 125-30. 
KUBO, F., TAKEICHI, M. & NAKAGAWA, S. 2003. Wnt2b controls retinal cell 
differentiation at the ciliary marginal zone. Development, 130, 587-598. 
KUBO, F., TAKEICHI, M. & NAKAGAWA, S. 2005. Wnt2b inhibits differentiation of 
retinal progenitor cells in the absence of Notch activity by downregulating the 
expression of proneural genes. Development, 132, 2759-70. 
KUHNERT, F., DAVIS, C. R., WANG, H. T., CHU, P., LEE, M., YUAN, J., NUSSE, 
R. & KUO, C. J. 2004. Essential requirement for Wnt signaling in proliferation of 
adult small intestine and colon revealed by adenoviral expression of Dickkopf-1. 
Proceedings of the National Academy of Sciences of the United States of America, 
101, 266-271. 
 238 
KWON, C., CHENG, P., KING, I. N., ANDERSEN, P., SHENJE, L., NIGAM, V. & 
SRIVASTAVA, D. 2011. Notch post-translationally regulates beta-catenin protein in 
stem and progenitor cells. Nature Cell Biology, 13, 1244-U169. 
LABBE, E., LETAMENDIA, A. & ATTISANO, L. 2000. Association of Smads with 
lymphoid enhancer binding factor 1/T cell-specific factor mediates cooperative 
signaling by the transforming growth factor-beta and Wnt pathways. Proceedings 
of the National Academy of Sciences of the United States of America, 97, 8358-
8363. 
LAD, E. M., CHESHIER, S. H. & KALANI, M. Y. S. 2009. Wnt-Signaling in Retinal 
Development and Disease. Stem Cells and Development, 18, 7-15. 
LAHNE, M. & HYDE, D. R. 2016. Interkinetic Nuclear Migration in the 
Regenerating Retina. Adv Exp Med Biol, 854, 587-93. 
LAI, E. C. 2002. Keeping a good pathway down: transcriptional repression of 
Notch pathway target genes by CSL proteins. Embo Reports, 3, 840-845. 
LANDIEV, I., BIEDERMANN, B., BRINGMANN, A., REICHEL, M. B., 
REICHENBACH, A. & PANNICKE, T. 2006. Atypical gliosis in Muller cells of the 
slowly degenerating rds mutant mouse retina. Experimental Eye Research, 82, 
449-457. 
LAWRENCE, J. M., SINGHAL, S., BHATIA, B., KEEGAN, D. J., REH, T. A., 
LUTHERT, P. J., KHAW, P. T. & LIMB, G. A. 2007. MIO-M1 cells and similar 
 239 
Muller glial cell lines derived from adult human retina exhibit neural stem cell 
characteristics. Stem Cells, 25, 2033-2043. 
LENKOWSKI, J. R., QIN, Z., SIFUENTES, C. J., THUMMEL, R., SOTO, C. M., 
MOENS, C. B. & RAYMOND, P. A. 2013. Retinal regeneration in adult zebrafish 
requires regulation of TGF signaling. Glia, 61, 1687-1697. 
LENKOWSKI, J. R. & RAYMOND, P. A. 2014. Muller glia: Stem cells for 
generation and regeneration of retinal neurons in teleost fish. Progress in Retinal 
and Eye Research, 40, 94-123. 
LEVISON, S. W., CHUANG, C., ABRAMSON, B. J. & GOLDMAN, J. E. 1993. THE 
MIGRATIONAL PATTERNS AND DEVELOPMENTAL FATES OF GLIAL 
PRECURSORS IN THE RAT SUBVENTRICULAR ZONE ARE TEMPORALLY 
REGULATED. Development, 119. 
LEWIS, G. P. & FISHER, S. K. 2003. Up-regulation of glial fibrillary acidic protein 
in response to retinal injury: Its potential role in glial remodeling and a comparison 
to vimentin expression. International Review of Cytology - a Survey of Cell Biology, 
Vol 230, 230, 263-+. 
LIU, B., HUNTER, D. J., ROOKER, S., CHAN, A., PAULUS, Y. M., LEUCHT, P., 
NUSSE, Y., NOMOTO, H. & HELMS, J. A. 2013. Wnt Signaling Promotes Muller 
Cell Proliferation and Survival after Injury. Investigative Ophthalmology & Visual 
Science, 54, 444-453. 
 240 
LIU, H., MOHAMED, O., DUFORT, D. & WALLACE, V. A. 2003. Characterization 
of Wnt signaling components and activation of the Wnt canonical pathway in the 
murine retina. Developmental Dynamics, 227, 323-334. 
LIU, Z. Y., TANG, Y., QIU, T., CAO, X. & CLEMENS, T. L. 2006. A dishevelled-
1/Smad1 interaction couples WNT and bone morphogenetic protein signaling 
pathways in uncommitted bone marrow stromal cells. Journal of Biological 
Chemistry, 281, 17156-17163. 
LIVESEY, F. J., YOUNG, T. L. & CEPKO, C. L. 2004. An analysis of the gene 
expression program of mammalian neural progenitor cells. Proceedings of the 
National Academy of Sciences of the United States of America, 101, 1374-1379. 
LOGEAT, F., BESSIA, C., BROU, C., LEBAIL, O., JARRIAULT, S., SEIDAH, N. G. 
& ISRAEL, A. 1998. The Notch1 receptor is cleaved constitutively by a furin-like 
convertase. Proceedings of the National Academy of Sciences of the United States 
of America, 95, 8108-8112. 
LUISTRO, L., HE, W., SMITH, M., PACKMAN, K., VILENCHIK, M., CARVAJAL, 
D., ROBERTS, J., CAI, J., BERKOFSKY-FESSLER, W., HILTON, H., LINN, M., 
FLOHR, A., JAKOB-ROTNE, R., JACOBSEN, H., GLENN, K., HEIMBROOK, D. & 
BOYLAN, J. F. 2009. Preclinical Profile of a Potent gamma-Secretase Inhibitor 
Targeting Notch Signaling with In vivo Efficacy and Pharmacodynamic Properties. 
Cancer Research, 69, 7672-7680. 
LUO, Q., KANG, Q., SI, W. K., JIANG, W., PARK, J. K., PENG, Y., LI, X. M., LUU, 
H. H., LUO, J., MONTAG, A. G., HAYDON, R. C. & HE, T. C. 2004. Connective 
 241 
tissue growth factor (CTGF) is regulated by Wnt and bone morphogenetic proteins 
signaling in osteoblast differentiation of mesenchymal stem cells. Journal of 
Biological Chemistry, 279, 55958-55968. 
LÖFFLER, K., SCHÄFER, P., VÖLKNER, M., HOLDT, T. & KARL, M. O. 2015. 
Age-dependent Müller glia neurogenic competence in the mouse retina. Glia, 63, 
1809-24. 
MARK, M., GHYSELINCK, N. B. & CHAMBON, P. 2006. Function of retinoid 
nuclear receptors. Lessons from genetic and pharmacological dissections of the 
retinoic acid signaling pathway during mouse embryogenesis. Annual Review of 
Pharmacology and Toxicology, 46, 451-480. 
MARTINS, R. A. P. & PEARSON, R. A. 2008. Control of cell proliferation by 
neurotransmitters in the developing vertebrate retina. Brain Research, 1192, 37-
60. 
MASSAGUE, J. 1998. TGF-beta signal transduction. Annual Review of 
Biochemistry, 67, 753-791. 
MASSAGUE, J. 2000. How cells read TGF-beta signals. Nature Reviews 
Molecular Cell Biology, 1, 169-178. 
MASSAGUE, J. 2012. TGF beta signalling in context. Nature Reviews Molecular 
Cell Biology, 13, 616-630. 
 242 
MAURER, K. A., RIESENBERG, A. N. & BROWN, N. L. 2014. Notch signaling 
differentially regulates Atoh7 and Neurog2 in the distal mouse retina. 
Development, 141, 3243-3254. 
MCCAA, C. S. 1982. THE EYE AND VISUAL NERVOUS-SYSTEM - ANATOMY, 
PHYSIOLOGY AND TOXICOLOGY. Environmental Health Perspectives, 44, 1-8. 
MEYERS, J. R., HU, L., MOSES, A., KABOLI, K., PAPANDREA, A. & RAYMOND, 
P. A. 2012. beta-catenin/Wnt signaling controls progenitor fate in the developing 
and regenerating zebrafish retina. Neural Development, 7, 17. 
MICCHELLI, C. A. & BLAIR, S. S. 1999. Dorsoventral lineage restriction in wing 
imaginal discs requires Notch. Nature, 401, 473-476. 
MICCHELLI, C. A., RULIFSON, E. J. & BLAIR, S. S. 1997. The function and 
regulation of cut expression on the wing margin of Drosophila: Notch, Wingless 
and a dominant negative role for Delta and Serrate. Development, 124, 1485-
1495. 
MILENKOVIC, I., WEICK, M., WIEDEMANN, P., REICHENBACH, A. & 
BRINGMANN, A. 2003. P2Y receptor-mediated stimulation of Muller glial cell DNA 
synthesis: Dependence on EGF and PDGF receptor transactivation. Investigative 
Ophthalmology & Visual Science, 44, 1211-1220. 
MIRA, H., ANDREU, Z., SUH, H., LIE, D. C., JESSBERGER, S., CONSIGLIO, A., 
SAN EMETERIO, J., HORTIGUEELA, R., ANGELES MARQUES-TORREJON, M., 
NAKASHIMA, K., COLAK, D., GOETZ, M., FARINAS, I. & GAGE, F. H. 2010. 
 243 
Signaling through BMPR-IA Regulates Quiescence and Long-Term Activity of 
Neural Stem Cells in the Adult Hippocampus. Cell Stem Cell, 7, 78-89. 
MIZUTANI, M., GERHARDINGER, C. & LORENZI, M. 1998. Muller cell changes in 
human diabetic retinopathy. Diabetes, 47, 445-449. 
MONTGOMERY, J. E., PARSONS, M. J. & HYDE, D. R. 2010. A Novel Model of 
Retinal Ablation Demonstrates That the Extent of Rod Cell Death Regulates the 
Origin of the Regenerated Zebrafish Rod Photoreceptors. Journal of Comparative 
Neurology, 518, 800-814. 
MORRISON, S. J., PEREZ, S. E., QIAO, Z., VERDI, J. M., HICKS, C., 
WEINMASTER, G. & ANDERSON, D. J. 2000. Transient notch activation initiates 
an irreversible switch from neurogenesis to gliogenesis by neural crest stem cells. 
Cell, 101. 
MURDOCH, B., CHADWICK, K., MARTIN, M., SHOJAEI, F., SHAH, K. V., 
GALLACHER, L., MOON, R. T. & BHATIA, M. 2003. Wnt-5A augments 
repopulating capacity and primitive hematopoietic development of human blood 
stem cells in vivo. Proceedings of the National Academy of Sciences of the United 
States of America, 100, 3422-3427. 
NAGASHIMA, M., BARTHEL, L. K. & RAYMOND, P. A. 2013. A self-renewing 
division of zebrafish Muller glial cells generates neuronal progenitors that require 
N-cadherin to regenerate retinal neurons. Development, 140, 4510-4521. 
 244 
NAKAGAWA, T., SASAHARA, M., HAYASE, Y., HANEDA, M., YASUDA, H., 
KIKKAWA, R., HIGASHIYAMA, S. & HAZAMA, F. 1998. Neuronal and glial 
expression of heparin-binding EGF-like growth factor in central nervous system of 
prenatal and early postnatal rat. Developmental Brain Research, 108, 263-272. 
NAKAO, A., ROIJER, E., IMAMURA, T., SOUCHELNYTSKYI, S., STENMAN, G., 
HELDIN, C. H. & TENDIJKE, P. 1997. Identification of Smad2, a human mad-
related protein in the transforming growth factor beta signaling pathway. Journal of 
Biological Chemistry, 272, 2896-2900. 
NAKAZAWA, T., TAKEDA, M., LEWIS, G. P., CHO, K.-S., JIAO, J., 
WILHELMSSON, U., FISHER, S. K., PEKNY, M., CHEN, D. F. & MILLER, J. W. 
2007. Attenuated glial reactions and photoreceptor degeneration after retinal 
detachment in mice deficient in glial fibrillary acidic protein and vimentin. 
Investigative Ophthalmology & Visual Science, 48, 2760-2768. 
NANBA, D., MORIMOTO, C. & HIGASHIYAMA, S. 2004. Proteolytic release of the 
carboxy-terminal fragment of proHB-EGF causes nuclear export of PLZF. Cell 
Structure and Function, 29, 76-76. 
NASSAR, K., LUEKE, J., LUEKE, M., KAMAL, M., ABD EL-NABI, E., SOLIMAN, 
M., ROHRBACH, M. & GRISANTI, S. 2011. The novel use of decorin in prevention 
of the development of proliferative vitreoretinopathy (PVR). Graefes Archive for 
Clinical and Experimental Ophthalmology, 249, 1649-1660. 
NELSON, B. R., UEKI, Y., REARDON, S., KARL, M. O., GEORGI, S., HARTMAN, 
B. H., LAMBA, D. A. & REH, T. A. 2011. Genome-Wide Analysis of Muller Glial 
 245 
Differentiation Reveals a Requirement for Notch Signaling in Postmitotic Cells to 
Maintain the Glial Fate. Plos One, 6. 
NELSON, C. M., ACKERMAN, K. M., O'HAYER, P., BAILEY, T. J., GORSUCH, R. 
A. & HYDE, D. R. 2013. Tumor Necrosis Factor-Alpha Is Produced by Dying 
Retinal Neurons and Is Required for Muller Glia Proliferation during Zebrafish 
Retinal Regeneration. Journal of Neuroscience, 33, 6524-6539. 
NICKEL, J., SEBALD, W., GROPPE, J. C. & MUELLER, T. D. 2009. Intricacies of 
BMP receptor assembly. Factor & Growth Factor Reviews, 20, 367-377. 
NIEHRS, C. 2004. Regionally specific induction by the Spemann-Mangold 
organizer. Nature Reviews Genetics, 5, 425-434. 
NILSSON, M. B., LANGLEY, R. R. & FIDLER, I. J. 2005. Interleukin-6, secreted by 
human ovarian carcinoma cells, is a potent proangiogenic factor. Cancer 
Research, 65, 10794-10800. 
NISHI, E. & KLAGSBRUN, M. 2004. Heparin-binding epidermal growth factor-like 
growth factor (HB-EGF) is a mediator of multiple physiological and pathological 
pathways. Growth Factors, 22, 253-260. 
NISHIMURA, M., ISAKA, F., ISHIBASHI, M., TOMITA, K., TSUDA, H., 
NAKANISHI, S. & KAGEYAMA, R. 1998. Structure, chromosomal locus, and 
promoter of mouse Hes2 gene, a homologue of Drosophila hairy and Enhancer of 
split. Genomics, 49, 69-75. 
 246 
NISHITA, M., HASHIMOTO, M. K., OGATA, S., LAURENT, M. N., UENO, N., 
SHIBUYA, H. & CHO, K. W. Y. 2000. Interaction between Wnt and TGF-[beta] 
signalling pathways during formation of Spemann's organizer. Nature, 403, 781-
785. 
OHSAWA, R. & KAGEYAMA, R. 2008. Regulation of retinal cell fate specification 
by multiple transcription factors. Brain Research, 1192, 90-98. 
OHTSUKA, T., ISHIBASHI, M., GRADWOHL, G., NAKANISHI, S., GUILLEMOT, 
F. & KAGEYAMA, R. 1999. Hes1 and Hes5 as Notch effectors in mammalian 
neuronal differentiation. Embo Journal, 18, 2196-2207. 
OOTO, S., AKAGI, T., KAGEYAMA, R., AKITA, J., MANDAI, M., HONDA, Y. & 
TAKAHASHI, M. 2004. Potential for neural regeneration after neurotoxic injury in 
the adult mammalian retina. Proceedings of the National Academy of Sciences of 
the United States of America, 101, 13654-13659. 
ORON-KARNI, V., FARHY, C., ELGART, M., MARQUARDT, T., REMIZOVA, L., 
YARON, O., XIE, Q., CVEKL, A. & ASHERY-PADAN, R. 2008. Dual requirement 
for Pax6 in retinal progenitor cells. Development, 135. 
OSAKADA, F., IKEDA, H., MANDAI, M., WATAYA, T., WATANABE, K., 
YOSHIMURA, N., AKAIKE, A., SASAI, Y. & TAKAHASHI, M. 2008. Toward the 
generation of rod and cone photoreceptors from mouse, monkey and human 
embryonic stem cells. Nature Biotechnology, 26, 215-224. 
 247 
OSAKADA, F., OOTO, S., AKAGI, T., MANDAI, M., AKAIKE, A. & TAKAHASHI, M. 
2007. Wnt signaling promotes regeneration in the retina of adult mammals. Journal 
of Neuroscience, 27, 4210-4219. 
OSEI-SARFO, K. & GUDAS, L. J. 2014. Retinoic Acid Suppresses the Canonical 
Wnt Signaling Pathway in Embryonic Stem Cells and Activates the Noncanonical 
Wnt Signaling Pathway. Stem Cells, 32, 2061-2071. 
OTTESON, D. C., D'COSTA, A. R. & HITCHCOCK, P. F. 2001. Putative stem cells 
and the lineage of rod photoreceptors in the mature retina of the goldfish. 
Developmental Biology, 232, 62-76. 
PAINE, S. K., BASU, A., MONDAL, L. K., SEN, A., CHOUDHURI, S., 
CHOWDHURY, I. H., SAHA, A., BHADHURI, G., MUKHERJEE, A. & 
BHATTACHARYA, B. 2012. Association of vascular endothelial growth factor, 
transforming growth factor beta, and interferon gamma gene polymorphisms with 
proliferative diabetic retinopathy in patients with type 2 diabetes. Mol Vis, 18, 2749-
57. 
PAROUSH, Z., FINLEY, R. L., KIDD, T., WAINWRIGHT, S. M., INGHAM, P. W., 
BRENT, R. & ISHHOROWICZ, D. 1994. GROUCHO IS REQUIRED FOR 
DROSOPHILA NEUROGENESIS, SEGMENTATION, AND SEX 
DETERMINATION AND INTERACTS DIRECTLY WITH HAIRY-RELATED BHLH 
PROTEINS. Cell, 79, 805-815. 
PATEL, A. K., SURAPANENI, K., YI, H., NAKAMURA, R. E. I., KARLI, S. Z., 
SYEDA, S., LEE, T. & HACKAM, A. S. 2015. Activation of Wnt/beta-catenin 
 248 
signaling in Muller glia protects photoreceptors in a mouse model of inherited 
retinal degeneration. Neuropharmacology, 91, 1-12. 
PEKNY, M., JOHANSSON, C. B., ELIASSON, C., STAKEBERG, J., WALLEN, A., 
PERLMANN, T., LENDAHL, U., BETSHOLTZ, C., BERTHOLD, C. H. & FRISEN, 
J. 1999. Abnormal reaction to central nervous system injury in mice lacking glial 
fibrillary acidic protein and vimentin. Journal of Cell Biology, 145, 503-514. 
PERRON, M. & HARRIS, W. A. 2000. Retinal stem cells in vertebrates. Bioessays, 
22, 685-688. 
PIAO, S., LEE, S. H., KIM, H., YUM, S., STAMOS, J. L., XU, Y. B., LEE, S. J., 
LEE, J., OH, S., HAN, J. K., PARK, B. J., WEIS, W. I. & HA, N. C. 2008. Direct 
Inhibition of GSK3 beta by the Phosphorylated Cytoplasmic Domain of LRP6 in 
Wnt/beta-Catenin Signaling. Plos One, 3. 
PINTO, D. & CLEVERS, H. 2005. Wnt, stem cells and cancer in the intestine. 
Biology of the Cell, 97, 185-196. 
PINZON-GUZMAN, C., ZHANG, S. S.-M. & BARNSTABLE, C. J. 2011. Specific 
Protein Kinase C Isoforms Are Required for Rod Photoreceptor Differentiation. 
Journal of Neuroscience, 31, 18606-18617. 
POLLAK, J., WILKEN, M. S., UEKI, Y., COX, K. E., SULLIVAN, J. M., TAYLOR, R. 
J., LEVINE, E. M. & REH, T. A. 2013. ASCL1 reprograms mouse Muller glia into 
neurogenic retinal progenitors. Development, 140, 2619-2631. 
 249 
PONTA, H., SHERMAN, L. & HERRLICH, P. A. 2003. CD44: From adhesion 
molecules to signalling regulators. Nature Reviews Molecular Cell Biology, 4, 33-
45. 
POPKEN, G. J., DECHERT-ZEGER, M., YE, P. & D'ERCOLE, A. J. 2005. Brain 
development. Growth Hormone/Insulin-Like Growth Factor Axis During 
Development, 567, 187-220. 
POWELL, C., GRANT, A. R., CORNBLATH, E. & GOLDMAN, D. 2013. Analysis of 
DNA methylation reveals a partial reprogramming of the Muller glia genome during 
retina regeneration. Proceedings of the National Academy of Sciences of the 
United States of America, 110, 19814-19819. 
PRADA, C., PUGA, J., PEREZMENDEZ, L., LOPEZ, R. & RAMIREZ, G. 1991. 
SPATIAL AND TEMPORAL PATTERNS OF NEUROGENESIS IN THE CHICK 
RETINA. European Journal of Neuroscience, 3, 559-569. 
PRENZEL, N., ZWICK, E., DAUB, H., LESERER, M., ABRAHAM, R., WALLASCH, 
C. & ULLRICH, A. 1999. EGF receptor transactivation by G-protein-coupled 
receptors requires metalloproteinase cleavage of proHB-EGF. Nature, 402, 884-
888. 
PUSCHMANN, T. B., ZANDEN, C., LEBKUECHNER, I., PHILIPPOT, C., DE 
PABLO, Y., LIU, J. & PEKNY, M. 2014. HB-EGF affects astrocyte morphology, 
proliferation, differentiation, and the expression of intermediate filament proteins. 
Journal of Neurochemistry, 128, 878-889. 
 250 
QIN, Z., BARTHEL, L. K. & RAYMOND, P. A. 2009. Genetic evidence for shared 
mechanisms of epimorphic regeneration in zebrafish. Proceedings of the National 
Academy of Sciences of the United States of America, 106, 9310-9315. 
RAMACHANDRAN, R., FAUSETT, B. V. & GOLDMAN, D. 2010. Ascl1a regulates 
Muller glia dedifferentiation and retinal regeneration through a Lin-28-dependent, 
let-7 microRNA signalling pathway. Nature Cell Biology, 12, 1101-U106. 
RAMACHANDRAN, R., ZHAO, X.-F. & GOLDMAN, D. 2012. Insm1a-mediated 
gene repression is essential for the formation and differentiation of Muller glia-
derived progenitors in the injured retina. Nature Cell Biology, 14, 1013-+. 
RAMACHANDRAN, R., ZHAO, X. F. & GOLDMAN, D. 2011. Ascl1a/Dkk/beta-
catenin signaling pathway is necessary and glycogen synthase kinase-3 beta 
inhibition is sufficient for zebrafish retina regeneration. Proceedings of the National 
Academy of Sciences of the United States of America, 108, 15858-15863. 
RAMOS-MANDUJANO, G., HERNANDEZ-BENITEZ, R. & PASANTES-
MORALES, H. 2014. Multiple mechanisms mediate the taurine-induced 
proliferation of neural stem/progenitor cells from the subventricular zone of the 
adult mouse. Stem Cell Research, 12, 690-702. 
RAPAPORT, D. H. 2006. Retinal neurogenesis. Retinal Development, 30-58. 
RAPAPORT, D. H., WONG, L. L., WOOD, E. D., YASUMURA, D. & LAVAIL, M. M. 
2004. Timing and topography of cell genesis in the rat retina. Journal of 
Comparative Neurology, 474. 
 251 
RASMUSSEN, J. T., DEARDORFF, M. A., TAN, C., RAO, M. S., KLEIN, P. S. & 
VETTER, M. L. 2001. Regulation of eye development by frizzled signaling in 
Xenopus. Proceedings of the National Academy of Sciences of the United States 
of America, 98, 3861-3866. 
RAYMOND, P. A., BARTHEL, L. K., BERNARDOS, R. L. & PERKOWSKI, J. J. 
2006. Molecular characterization of retinal stem cells and their niches in adult 
zebrafish. Bmc Developmental Biology, 6. 
RAYMOND, P. A. & RIVLIN, P. K. 1987. GERMINAL CELLS IN THE GOLDFISH 
RETINA THAT PRODUCE ROD PHOTORECEPTORS. Developmental Biology, 
122. 
REICHENBACH, A. & BRINGMANN, A. 2010. Muller Cells in the Healthy and 
Diseased Retina. Muller Cells in the Healthy and Diseased Retina, 1-417. 
REYA, T. & CLEVERS, H. 2005. Wnt signalling in stem cells and cancer. Nature, 
434, 843-850. 
RITTIE, L., VARANI, J., KANG, S., VOORHEES, J. J. & FISHER, G. J. 2006. 
Retinoid-induced epidermal hyperplasia is mediated by epidermal growth factor 
receptor activation via specific induction of its ligands heparin-binding EGF and 
amphiregulin in human skin in vivo. Journal of Investigative Dermatology, 126, 
732-739. 
 252 
ROARTY, K., BAXLEY, S. E., CROWLEY, M. R., FROST, A. R. & SERRA, R. 
2009. Loss of TGF-beta or Wnt5a results in an increase in Wnt/beta-catenin 
activity and redirects mammary tumour phenotype. Breast Cancer Research, 11. 
ROBEL, S., BERNINGER, B. & GOETZ, M. 2011. The stem cell potential of glia: 
lessons from reactive gliosis. Nature Reviews Neuroscience, 12, 88-104. 
RODRIGUEZ-ESTEBAN, C., CAPDEVILA, J., KAWAKAMI, Y. & BELMONTE, J. 
C. I. 2001. Wnt signaling and PKA control Nodal expression and left-right 
determination in the chick embryo. Development, 128, 3189-3195. 
ROESCH, K., JADHAV, A. P., TRIMARCHI, J. M., STADLER, M. B., ROSKA, B., 
SUN, B. B. & CEPKO, C. L. 2008. The transcriptome of retinal miller glial cells. 
Journal of Comparative Neurology, 509, 225-238. 
ROSS, D. T., SCHERF, U., EISEN, M. B., PEROU, C. M., REES, C., SPELLMAN, 
P., IYER, V., JEFFREY, S. S., VAN DE RIJN, M., WALTHAM, M., 
PERGAMENSCHIKOV, A., LEE, J. C. E., LASHKARI, D., SHALON, D., MYERS, 
T. G., WEINSTEIN, J. N., BOTSTEIN, D. & BROWN, P. O. 2000. Systematic 
variation in gene expression patterns in human cancer cell lines. Nature Genetics, 
24, 227-235. 
ROTH, K. A., HERMISTON, M. L. & GORDON, J. I. 1991. USE OF TRANSGENIC 
MICE TO INFER THE BIOLOGICAL PROPERTIES OF SMALL INTESTINAL 
STEM-CELLS AND TO EXAMINE THE LINEAGE RELATIONSHIPS OF THEIR 
DESCENDANTS. Proceedings of the National Academy of Sciences of the United 
States of America, 88, 9407-9411. 
 253 
SAHEL, J. A., ALBERT, D. M., LESSELL, S., ADLER, H., MCGEE, T. L. & 
KONRADRASTEGAR, J. 1991. MITOGENIC EFFECTS OF EXCITATORY 
AMINO-ACIDS IN THE ADULT-RAT RETINA. Experimental Eye Research, 53, 
657-664. 
SANEYOSHI, T., KUME, S., AMASAKI, Y. & MIKOSHIBA, K. 2002. The 
Wnt/calcium pathway activates NF-AT and promotes ventral cell fate in Xenopus 
embryos. Nature, 417, 295-299. 
SASAI, Y., KAGEYAMA, R., TAGAWA, Y., SHIGEMOTO, R. & NAKANISHI, S. 
1992. 2 MAMMALIAN HELIX LOOP HELIX FACTORS STRUCTURALLY 
RELATED TO DROSOPHILA HAIRY AND ENHANCER OF SPLIT. Genes & 
Development, 6, 2620-2634. 
SATO, A., YAMAMOTO, H., SAKANE, H., KOYAMA, H. & KIKUCHI, A. 2010. 
Wnt5a regulates distinct signalling pathways by binding to Frizzled2. Embo 
Journal, 29, 41-54. 
SATO, N., MEIJER, L., SKALTSOUNIS, L., GREENGARD, P. & BRIVANLOU, A. 
H. 2004. Maintenance of pluripotency in human and mouse embryonic stem cells 
through activation of Wnt signaling by a pharmacological GSK-3-specific inhibitor. 
Nature Medicine, 10, 55-63. 
SATOW, T., BAE, S. K., INOUE, T., INOUE, C., MIYOSHI, G., TOMITA, K., 
BESSHO, Y., HASHIMOTO, N. & KAGEYAMA, R. 2001. The basic helix-loop-helix 
gene hesr2 promotes gliogenesis in mouse retina. Journal of Neuroscience, 21. 
 254 
SATTERWHITE, D. J. & NEUFELD, K. L. 2004. TGF-beta targets the Wnt pathway 
components, APC and beta-catenin, as Mv1Lu cells undergo cell cycle arrest. Cell 
Cycle, 3, 1069-73. 
SCHEER, N., GROTH, A., HANS, S. & CAMPOS-ORTEGA, J. A. 2001. An 
instructive function for Notch in promoting gliogenesis in the zebrafish retina. 
Development, 128. 
SCHUBERT, M. A. H., LZ 2003. The Wnt gene family and the evolutionary 
conservation of Wnt expression: evidence for ancient roles of Wnt genes in central 
nervous system development, axial patterning, and body elongation.  Wnt-
signaling in Development (M Kuhl, ed). ed.: Landes Biosciences. 
SCOVILLE, D. H., SATO, T., HE, X. C. & LI, L. 2008. Current view: Intestinal stem 
cells and signaling. Gastroenterology, 134, 849-864. 
SELKOE, D. & KOPAN, R. 2003. Notch and presenilin: Regulated intramembrane 
proteolysis links development and degeneration. Annual Review of Neuroscience, 
26, 565-597. 
SHAH, S., LEE, S. F., TABUCHI, K., HAO, Y. H., YU, C., LAPLANT, Q., BALL, H., 
DANN, C. E., SUDHOF, T. & YU, G. 2005. Nicastrin functions as a gamma-
secretase-substrate receptor. Cell, 122, 435-447. 
SHI, D. L., GOISSET, C. & BOUCAUT, J. C. 1998. Expression of Xfz3, a Xenopus 
frizzled family member, is restricted to the early nervous system. Mechanisms of 
Development, 70, 35-47. 
 255 
SHIVARAJ, M. C., MARCY, G., LOW, G., RYU, J. R., ZHAO, X., ROSALES, F. J. 
& GOH, E. L. K. 2012. Taurine Induces Proliferation of Neural Stem Cells and 
Synapse Development in the Developing Mouse Brain. Plos One, 7. 
SINGHAL, S., BHATIA, B., JAYARAM, H., BECKER, S., JONES, M. F., 
COTTRILL, P. B., KHAW, P. T., SALT, T. E. & LIMB, G. A. 2012. Human Muller 
glia with stem cell characteristics differentiate into retinal ganglion cell (RGC) 
precursors in vitro and partially restore RGC function in vivo following 
transplantation. Stem Cells Transl Med, 1, 188-99. 
SOUCHELNYTSKYI, S., TAMAKI, K., ENGSTROM, U., WERNSTEDT, C., 
TENDIJKE, P. & HELDIN, C. H. 1997. Phosphorylation of Ser(465) and Ser(467) 
in the C terminus of Smad2 mediates interaction with Smad4 and is required for 
transforming growth factor-beta signaling. Journal of Biological Chemistry, 272, 
28107-28115. 
STOICK-COOPER, C. L., WEIDINGER, G., RIEHLE, K. J., HUBBERT, C., 
MAJOR, M. B., FAUSTO, N. & MOON, R. T. 2007. Distinct Wnt signaling 
pathways have opposing roles in appendage regeneration. Development, 134, 
479-489. 
SWAROOP, A., WANG, Q. L., WU, W. P., COOK, J., COATS, C., XU, S. Q., 
CHEN, S. M., ZACK, D. J. & SIEVING, P. A. 1999. Leber congenital amaurosis 
caused by a homozygous mutation (R90W) in the homeodomain of the retinal 
transcription factor CRX: direct evidence for the involvement of CRX in the 
development of photoreceptor function. Human Molecular Genetics, 8, 299-305. 
 256 
TEZEL, G., CHAUHAN, B. C., LEBLANC, R. P. & WAX, M. B. 2003. 
Immunohistochemical assessment of the glial mitogen-activated protein kinase 
activation in glaucoma. Investigative Ophthalmology & Visual Science, 44, 3025-
3033. 
THEIL, T., AYDIN, S., KOCH, S., GROTEWOLD, L. & RUTHER, U. 2002. Wnt and 
Bmp signalling cooperatively regulate graded Emx2 expression in the dorsal 
telencephalon. Development, 129, 3045-3054. 
THOMAS, J. L., RANSKI, A. H., MORGAN, G. W. & THUMMEL, R. 2016. Reactive 
gliosis in the adult zebrafish retina. Exp Eye Res, 143, 98-109. 
THOMPSON, S. A., HIGASHIYAMA, S., WOOD, K., POLLITT, N. S., DAMM, D., 
MCENROE, G., GARRICK, B., ASHTON, N., LAU, K., HANCOCK, N., 
KLAGSBRUN, M. & ABRAHAM, J. A. 1994. CHARACTERIZATION OF 
SEQUENCES WITHIN HEPARIN-BINDING EGF-LIKE GROWTH-FACTOR THAT 
MEDIATE INTERACTION WITH HEPARIN. Journal of Biological Chemistry, 269, 
2541-2549. 
THORNE, C. A., HANSON, A. J., SCHNEIDER, J., TAHINCI, E., ORTON, D., 
CSELENYI, C. S., JERNIGAN, K. K., MEYERS, K. C., HANG, B. I., WATERSON, 
A. G., KIM, K., MELANCON, B., GHIDU, V. P., SULIKOWSKI, G. A., LAFLEUR, 
B., SALIC, A., LEE, L. A., MILLER, D. M., III & LEE, E. 2010. Small-molecule 
inhibition of Wnt signaling through activation of casein kinase 1 alpha. Nature 
Chemical Biology, 6, 829-836. 
 257 
THUMMEL, R., ENRIGHT, J. M., KASSEN, S. C., MONTGOMERY, J. E., BAILEY, 
T. J. & HYDE, D. R. 2010. Pax6a and Pax6b are required at different points in 
neuronal progenitor cell proliferation during zebrafish photoreceptor regeneration. 
Experimental Eye Research, 90, 572-582. 
TODD, L., VOLKOV, L. I., ZELINKA, C., SQUIRES, N. & FISCHER, A. J. 2015. 
Heparin-binding EGF-like growth factor (HB-EGF) stimulates the proliferation of 
Muller glia-derived progenitor cells in avian and murine retinas. Molecular and 
cellular neurosciences, 69, 54-64. 
TOMITA, K., ISHIBASHI, M., NAKAHARA, K., ANG, S. L., NAKANISHI, S., 
GUILLEMOT, F. & KAGEYAMA, R. 1996. Mammalian hairy and Enhancer of split 
homolog 1 regulates differentiation of retinal neurons and is essential for eye 
morphogenesis. Neuron, 16. 
TRANG, T., BEGGS, S., WAN, X. & SALTER, M. W. 2009. P2X4-Receptor-
Mediated Synthesis and Release of Brain-Derived Neurotrophic Factor in Microglia 
Is Dependent on Calcium and p38-Mitogen-Activated Protein Kinase Activation. 
Journal of Neuroscience, 29, 3518-3528. 
TULI, R., TULI, S., NANDI, S., HUANG, X., MANNER, P. A., HOZACK, W. J., 
DANIELSON, K. G., HALL, D. J. & TUAN, R. S. 2003. Transforming growth factor-
beta-mediated chondrogenesis of human mesenchymal progenitor cells involves 
N-cadherin and mitogen-activated protein kinase and Wnt signaling cross-talk. J 
Biol Chem, 278, 41227-36. 
 258 
TURNER, D. L. & CEPKO, C. L. 1987. A COMMON PROGENITOR FOR 
NEURONS AND GLIA PERSISTS IN RAT RETINA LATE IN DEVELOPMENT. 
Nature, 328. 
UEKI, Y., WILKEN, M. S., COX, K. E., CHIPMAN, L., JORSTAD, N., 
STERNHAGEN, K., SIMIC, M., ULLOM, K., NAKAFUKU, M. & REH, T. A. 2015. 
Transgenic expression of the proneural transcription factor Ascl1 in Muller glia 
stimulates retinal regeneration in young mice. Proceedings of the National 
Academy of Sciences of the United States of America, 112, 13717-13722. 
VALENTA, T., HAUSMANN, G. & BASLER, K. 2012. The many faces and 
functions of beta-catenin. Embo Journal, 31, 2714-2736. 
VALLIER, L., MENDJAN, S., BROWN, S., CHNG, Z., TEO, A., SMITHERS, L. E., 
TROTTER, M. W. B., CHO, C. H. H., MARTINEZ, A., RUGG-GUNN, P., BRONS, 
G. & PEDERSEN, R. A. 2009. Activin/Nodal signalling maintains pluripotency by 
controlling Nanog expression. Development, 136, 1339-1349. 
VAN DEN BERG, D. J., SHARMA, A. K., BRUNO, E. & HOFFMAN, R. 1998. Role 
of members of the Wnt gene family in human hematopoiesis. Blood, 92, 3189-
3202. 
VANGENDEREN, C., OKAMURA, R. M., FARINAS, I., QUO, R. G., PARSLOW, T. 
G., BRUHN, L. & GROSSCHEDL, R. 1994. DEVELOPMENT OF SEVERAL 
ORGANS THAT REQUIRE INDUCTIVE EPITHELIAL-MESENCHYMAL 
INTERACTIONS IS IMPAIRED IN LEF-1-DEFICIENT MICE. Genes & 
Development, 8, 2691-2703. 
 259 
VERARDO, M. R., LEWIS, G. P., TAKEDA, M., LINBERG, K. A., BYUN, J., LUNA, 
G., WILHELMSSON, U., PEKNY, M., CHEN, D.-F. & FISHER, S. K. 2008. 
Abnormal reactivity of Muller cells after retinal detachment in mice deficient in 
GFAP and vimentin. Investigative Ophthalmology & Visual Science, 49, 3659-
3665. 
WALKER, J. M. 2002. The Protein Protocols Handbook, Humana Press. 
WAN, J., RAMACHANDRAN, R. & GOLDMAN, D. 2012. HB-EGF Is Necessary 
and Sufficient for Muller Glia Dedifferentiation and Retina Regeneration. 
Developmental Cell, 22, 334-347. 
WAN, J., ZHAO, X.-F., VOJTEK, A. & GOLDMAN, D. 2014. Retinal Injury, Growth 
Factors, and Factors Converge on beta-Catenin and pStat3 Signaling to Stimulate 
Retina Regeneration (vol 9, pg 285, 2014). Cell Reports, 9, 794-794. 
WANG, S. W., GAN, L., MARTIN, S. E. & KLEIN, W. H. 2000. Abnormal 
polarization and axon outgrowth in retinal ganglion cells lacking the POU-domain 
transcription factor Brn-3b. Molecular and Cellular Neuroscience, 16, 141-156. 
WANG, S. W., KIM, B. S., DING, K., WANG, H., SUN, D. T., JOHNSON, R. L., 
KLEIN, W. H. & GAN, L. 2001. Requirement for math5 in the development of 
retinal ganglion cells. Genes & Development, 15, 24-29. 
WANG, S. W., MU, X. Q., BOWERS, W. J., KIM, D. S., PLAS, D. J., CRAIR, M. C., 
FEDEROFF, H. J., GAN, L. & KLEIN, W. H. 2002. Brn3b/Brn3c double knockout 
 260 
mice reveal an unsuspected role for Brn3c in retinal ganglion cell axon outgrowth. 
Development, 129, 467-477. 
WANG, X., ABRAHAM, S., MCKENZIE, J. A., JEFFS, N., SWIRE, M., TRIPATHI, 
V. B., LUHMANN, U. F., LANGE, C. A., ZHAI, Z., ARTHUR, H. M., BAINBRIDGE, 
J. W., MOSS, S. E. & GREENWOOD, J. 2013. LRG1 promotes angiogenesis by 
modulating endothelial TGF-beta signalling. Nature, 499, 306-11. 
WEN, R., SONG, Y., CHENG, T., MATTHES, M. T., YASUMURA, D., LAVAIL, M. 
M. & STEINBERG, R. H. 1995. INJURY-INDUCED UP-REGULATION OF BFGF 
AND CNTF MESSENGER-RNAS IN THE RAT RETINA. Journal of Neuroscience, 
15, 7377-7385. 
WILLERT, K., BROWN, J. D., DANENBERG, E., DUNCAN, A. W., WEISSMAN, I. 
L., REYA, T., YATES, J. R. & NUSSE, R. 2003. Wnt proteins are lipid-modified 
and can act as stem cell growth factors. Nature, 423, 448-452. 
WILLOUGHBY, C. E., PONZIN, D., FERRARI, S., LOBO, A., LANDAU, K. & 
OMIDI, Y. 2010. Anatomy and physiology of the human eye: effects of 
mucopolysaccharidoses disease on structure and function - a review. Clinical and 
Experimental Ophthalmology, 38, 2-11. 
WU, L. Z., ASTER, J. C., BLACKLOW, S. C., LAKE, R., ARTAVANIS-TSAKONAS, 
S. & GRIFFIN, J. D. 2000. MAML1, a human homologue of Drosophila 
Mastermind, is a transcriptional co-activator for NOTCH receptors. Nature 
Genetics, 26, 484-489. 
 261 
XU, J., LAMOUILLE, S. & DERYNCK, R. 2009. TGF-beta-induced epithelial to 
mesenchymal transition. Cell Research, 19, 156-172. 
XU, R.-H., SAMPSELL-BARRON, T. L., GU, F., ROOT, S., PECK, R. M., PAN, G., 
YU, J., ANTOSIEWICZ-BOURGET, J., TIAN, S., STEWART, R. & THOMSON, J. 
A. 2008. NANOG is a direct target of TGF beta/Activin-mediated SMAD signaling 
in human ESCs. Cell Stem Cell, 3, 196-206. 
YAFAI, Y., IANDIEV, I., LANGE, J., UNTERLAUFT, J. D., WIEDEMANN, P., 
BRINGMANN, A., REICHENBACH, A. & EICHLER, W. 2014. Muller Glial Cells 
Inhibit Proliferation of Retinal Endothelial Cells via TGF-beta 2 and Smad 
Signaling. Glia, 62, 1476-1485. 
YAMADA, H., YAMADA, E., HACKETT, S. F., OZAKI, H., OKAMOTO, N. & 
CAMPOCHIARO, P. A. 1999. Hyperoxia causes decreased expression of vascular 
endothelial growth factor and endothelial cell apoptosis in adult retina. Journal of 
Cellular Physiology, 179. 
YAMAGUCHI, M., TONOU-FUJIMORI, N., KOMORI, A., MAEDA, R., NOJIMA, Y., 
LI, H. C., OKAMOTO, H. & MASAI, I. 2005. Histone deacetylase 1 regulates retinal 
neurogenesis in zebrafish by suppressing Wnt and Notch signaling pathways. 
Development, 132, 3027-3043. 
YAMAMIZU, K., MATSUNAGA, T., UOSAKI, H., FUKUSHIMA, H., KATAYAMA, 
S., HIRAOKA-KANIE, M., MITANI, K. & YAMASHITA, J. K. 2010. Convergence of 
Notch and beta-catenin signaling induces arterial fate in vascular progenitors. 
Journal of Cell Biology, 189, 325-338. 
 262 
YAMASHITA, H., TENDIJKE, P., FRANZEN, P., MIYAZONO, K. & HELDIN, C. H. 
1994. FORMATION OF HETEROOLIGOMERIC COMPLEXES OF TYPE-I AND 
TYPE-II RECEPTORS FOR TRANSFORMING GROWTH-FACTOR-BETA. 
Journal of Biological Chemistry, 269, 20172-20178. 
YAMAZAKI, S., EMA, H., KARLSSON, G., YAMAGUCHI, T., MIYOSHI, H., 
SHIODA, S., TAKETO, M. M., KARLSSON, S., IWAMA, A. & NAKAUCHI, H. 2011. 
Nonmyelinating Schwann Cells Maintain Hematopoietic Stem Cell Hibernation in 
the Bone Marrow Niche. Cell, 147, 1146-1158. 
YAMAZAKI, S., IWAMA, A., TAKAYANAGI, S.-I., ETO, K., EMA, H. & NAKAUCHI, 
H. 2009. TGF-beta as a candidate bone marrow niche signal to induce 
hematopoietic stem cell hibernation. Blood, 113, 1250-1256. 
YANG, Z. Y., DING, K., PAN, L., DENG, M. & GAN, L. 2003. Math5 determines the 
competence state of retinal ganglion cell progenitors. Developmental Biology, 264, 
240-254. 
YARON, O., FARHY, C., MARQUARDT, T., APPLEBURY, M. & ASHERY-
PADAN, R. 2006. Notch1 functions to suppress cone-photoreceptor fate 
specication in the developing mouse retina. Development, 133. 
YE, P., HU, Q., LIU, H., YAN, Y. & D'ERCOLE, A. J. 2010. beta-Catenin Mediates 
Insulin-Like Growth Factor-I Actions to Promote Cyclin D1 mRNA Expression, Cell 
Proliferation and Survival In Oligodendroglial Cultures. Glia, 58, 1031-1041. 
 263 
YI, H., NAKAMURA, R. E. I., MOHAMED, O., DUFORT, D. & HACKAM, A. S. 
2007. Characterization of wnt signaling during photoreceptor degeneration. 
Investigative Ophthalmology & Visual Science, 48, 5733-5741. 
YI, J. Y., SHIN, I. & ARTEAGA, C. L. 2005. Type I transforming growth factor beta 
receptor binds to and activates phosphatidylinositol 3-kinase. Journal of Biological 
Chemistry, 280, 10870-10876. 
YOUNG, R. W. 1985. Cell proliferation during postnatal development of the retina 
in the mouse. Brain research, 353. 
YU, L., HEBERT, M. C. & ZHANG, Y. E. 2002. TGF-beta receptor-activated p38 
MAP kinase mediates smad-independent TGF-beta responses. Embo Journal, 21, 
3749-3759. 
ZAVADIL, J., BITZER, M., LIANG, D., YANG, Y. C., MASSIMI, A., KNEITZ, S., 
PIEK, E. & BOTTINGER, E. P. 2001. Genetic programs of epithelial cell plasticity 
directed by transforming growth factor-beta. Proceedings of the National Academy 
of Sciences of the United States of America, 98, 6686-6691. 
ZAVADIL, J., CERMAK, L., SOTO-NIEVES, N. & BOTTINGER, E. P. 2004. 
Integration of TGF-beta/Smad and Jagged1/Notch signalling in epithelial-to-
mesenchymal transition. Embo Journal, 23, 1155-1165. 
ZECHNER, D., FUJITA, Y., HULSKEN, J., MULLER, T., WALTHER, I., TAKETO, 
M. M., CRENSHAW, E. B., BIRCHMEIER, W. & BIRCHMEIER, C. 2003. beta-
catenin signals regulate cell growth and the balance between progenitor cell 
 264 
expansion and differentiation in the nervous system. Developmental Biology, 258, 
406-418. 
ZENG, X., TAMAI, K., DOBLE, B., LI, S. T., HUANG, H., HABAS, R., OKAMURA, 
H., WOODGETT, J. & HE, X. 2005. A dual-kinase mechanism for Wnt co-receptor 
phosphorylation and activation. Nature, 438, 873-877. 
ZHANG, Y. Q., RAUCH, U. & PEREZ, M. T. R. 2003. Accumulation of neurocan, a 
brain chondroitin sulfate proteoglycan, in association with the retinal vasculature in 
RCS rats. Investigative Ophthalmology & Visual Science, 44, 1252-1261. 
ZHAO, G., LIU, Z., ILAGAN, M. X. G. & KOPAN, R. 2010. gamma-Secretase 
Composed of PS1/Pen2/Aph1a Can Cleave Notch and Amyloid Precursor Protein 
in the Absence of Nicastrin. Journal of Neuroscience, 30, 1648-1656. 
ZHAO, X., LIU, J. N. & AHMAD, I. 2002. Differentiation of embryonic stem cells 
into retinal neurons. Biochemical and Biophysical Research Communications, 297, 
177-184. 
ZHAO, X. F., WAN, J., POWELL, C., RAMACHANDRAN, R., MYERS, M. G. & 
GOLDMAN, D. 2014. Leptin and IL-6 Family Factors Synergize to Stimulate Muller 
Glia Reprogramming and Retina Regeneration. Cell Reports, 9, 272-284. 
ZHONG, X., GUTIERREZ, C., XUE, T., HAMPTON, C., VERGARA, M. N., CAO, 
L.-H., PETERS, A., PARK, T. S., ZAMBIDIS, E. T., MEYER, J. S., GAMM, D. M., 
YAU, K.-W. & CANTO-SOLER, M. V. 2014. Generation of three-dimensional 
 265 
retinal tissue with functional photoreceptors from human iPSCs. Nature 
Communications, 5. 
ZHOU, Q., MENG, D., YAN, B., JIANG, B.-H. & FANG, J. 2006. Transactivation of 
epidermal growth factor receptor by insulin-like growth factor 1 requires basal 
hydrogen peroxide. Febs Letters, 580, 5161-5166. 
ZHOU, S. 2011. TGF-beta regulates beta-catenin signaling and osteoblast 
differentiation in human mesenchymal stem cells. J Cell Biochem, 112, 1651-60. 
ZYGAR, C. A., COLBERT, S., YANG, D. & FERNALD, R. D. 2005. IGF-1 
produced by cone photoreceptors regulates rod progenitor proliferation in the 
teleost retina. Brain research. Developmental brain research, 154, 91-100. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 266 
 
Chapter 9: Publications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 267 
 
